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ABSTRACT OF THE DISSERTATION
Synthesis and characterization of putative triplet sensitizers in the dark pathway to cyclobutane
pyrimidine dimers of DNA
by
Yanjing Wang
Doctor of Philosophy in Chemistry
Washington University in St. Louis, 2021
Professor John-Stephen A. Taylor

The cyclobutane pyrimidine dimer (CPD) is the major photoproduct resulting from direct
absorption of UVB radiation in sunlight by DNA that results in C to T mutations found in human
skin leading to skin cancer. CPDs can also be produced through the action of photosensitizers that
can absorb longer wavelength UVA that is not absorbed efficiently by DNA and transfer triplet
energy to the DNA. Most recently, CPDs was discovered to be formed in the dark following UV
irradiation of melanocytes. This dark pathway was proposed to result from an indirect pathway to
CPDs that involves triplet energy transfer from an as yet unknown chemi-excited molecule. It was
suggested that when oxidized by peroxynitrite, melanin precursors might function as precursors to
dioxetanes that decompose to excited triplet states capable of sensitizing CPD formation in DNA.
To investigate this possibility, we synthesized and characterized the oxidation products of indole
derivatives related to the proposed dioxetanes derived from melanin that were proposed to be
involved in the dark reaction. We first studied the ability of indole oxidation products to generate
CPDs in DNA via photosensitization and concluded that melanin precursors are an unlikely source
of the chemisensitizers. Then we investigated CPD formation induced by peroxynitrite in the

xiv

presence of various classes of molecules and reductants to test our hypothesis that
chemisensitization does not involve dioxetanes, but rather occurs via an excited state of a reduction
product of peroxynitrite.
The oxidized indole products of indole (IOP), tryptamine (TOP), hydroxy-indole (HOP) and
dimethoxy-indole (DOP) were prepared by standard organic synthesis. The triplet state energies
and lifetimes of these indole oxidation products were obtained by analysis of time dependent
phosphorescence measurements and compared with norfloxacin (NFX) which has the lowest
energy triplet energy known to triplet excite DNA. The results showed that while all four
compounds efficiently form triplet states, only IOP and TOP have triplet energies that are higher
than (NFX). The ability of the compounds to photosensitize CPD formation in DNA was then
determined using a T4 endonuclease V (T4-pdg) assay. The result showed that only IOP and TOP
can photosensitize DNA to form CPD, which is consistent with having triplet energies hgher than
NFX. Therefore, the products of dioxetanes of oxygen-substituted indoles are unlikely to be
involved in the “dark” pathway to CPDs in melanocytes.
To investigate the possibility that the organic molecules causing chemi-sensitization were not
functioning as substrates for peroxynitrite, but rather as reductants, preoxynitrite was incubated
with various organic compounds and inorganic reducing reagents at pH 8.8. CPD formation was
observed to occur with the organic compounds 5-hydroxyindole-2-carboxylic acid (5OH2CA), 5hydroxyindole

(HI),

phenol,

2,3-dihydroxybenzoic

acid

(DHBA),

3,4-dihydroxy-DL-

phenylalanine (DL-DOPA), and tryptophan (Try), and the inorganic reagents Na2S2O3, NaBH4 and
NH2OH. Given that inorganic reducing agents were able to induce CPD formation in the presence
of peroxynitrite, as well or better than the organic compounds and that organic compounds with
high oxidation potential were ineffective, we conclude that chemisensitization takes place through
xv

reduction of peroxynitrite. Therefore, we propose that the dark pathway takes place via a triplet
excited state produced by reduction peroxynitrite that excites CPD formation in DNA.

xvi

Chapter 1: Introduction
1.1 Skin Cancer
Globally, skin cancer is one of the most prevalent form of cancer among light skinned populations
(1). In USA, every one out of ten Americans contracts skin cancer throughout his or her lifetime
(2). Skin cancers are of three major types: basal-cell skin cancer (BCC), squamous-cell skin cancer
(SCC) and melanoma. The first two types are also categorized as nonmelanoma skin cancers
(NMSC) (1). Among all skin cancers, melanoma is known as the most dangerous type. In 2015,
3.1 million people were diagnosed with melanoma and 59,800 people died from this cancer (3,4).
Because melanoma and other skin cancers are caused by DNA mutations which arise from DNA
damage in melanocytes and other skin cells, it is important to understand the mechanisms and
factors that affect the formation of DNA damage to help prevent this threat to public health.

1.2 UV Irradiation and UV-Induced DNA Damages
1.2.1 Sunlight and UV Light
Sunlight, which is an essential resource to life on earth, includes 31.9% infrared (IR) light, 62.7%
visible light, and 5.4% ultraviolet (UV) light (5). UV light is classified into three types: UVA
(315-400 nm), UVB (290-315 nm) and UVC (100-290 nm), according to its wavelength (Figure
1.1). On earth, sunlight is scattered and absorbed by the atmosphere. The ozone layer in the
atmosphere absorbs almost all of the UVC light and some of the UVB, so that the UV light that
reaches earth’s surface contains 95% longwave UVA light, 5% shortwave UVB light and almost
no UVC light (6,7). Ozone protects the life on earth because ozone has a maximum UV absorbance
at 258 nm and DNA has a maximum UV absorbance at 260 nm (Figure 1.2) (8). The similarity of
UV absorbance of ozone with that of DNA shields the DNA from direct UV irradiation by sunlight.
1

1.2.2 UV-Induced DNA Photoproducts
DNA is the molecule that carries genetic information for all organism to replicate, develop and
function. In 1953, Watson and Crick discovered the double helix structure of DNA (9). DNA
consists of four bases classified as pyrimidines (thymine and cytosine) and purines (adenine and
guanine). The bases are paired via hydrogen bonds in an arrangement named the Watson-Crick
base pair. A and T are paired with two hydrogen bonds, while G and C are paired with three
hydrogen bonds. The bases are bound to the deoxyribose sugar via glycosidic bonds on the DNA
backbone, which is a chain of alternating sugar-phosphate groups connected by phosphodiester
linkage. The absorbance peak of the four bases occurs at 260 nm but the absorbance peak of the
DNA backbone is below 220 nm (10).
Because DNA has a maximum absorbance at 260 nm, it absorbs UVC light most efficiently and
results in photoproduct formation. However, since UVC is efficiently absorbed by the ozone layer,
it is usually not considered to be relevant to mechanisms of sunlight induced skin cancer. While
much of the short-wave UVB is absorbed by ozone layer, long-wave UVB can passthrough and
comprises approximately 5% of the terrestrial UV irradiation. Since the long-wave UVB still
overlaps with DNA absorption, it is the main cause of direct DNA photodamage (6,7,11). The
remaining 95% of terrestrial UV irradiation is UVA, which is poorly absorbed by DNA, though
can still cause direct damage to DNA. While UVA is very inefficient in the direct pathway of DNA
photodamage, it plays an important role in indirect pathways to DNA photodamage (11-14).
The major UV-induced damage to DNA is dipyrimidine photoproducts, which are of three main
types: cyclobutane pyrimidine dimers (CPD), pyrimidine (6-4) pryrimidone photoproducts (64PP) and 6-4PP Dewar isomer (11,14-19) (Figure 1.3). CPDs contain a four-member ring which
arises from a [2+2] cycloaddition reaction between the two C5-C6 double bonds in two adjacent
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pyrimidine bases (20-23) (Figure 1.4). 6-4PP arise from an unstable four-member ring oxetane,
when the 3’ base is T, or an azetidine when 3’ base is C, formed through a [2+2] cycloaddition
between the C5-C6 double bond and ketone (or imine) in two adjacent pyrimidines (24) (Figure
1.4). The maximum absorbance of the 6-4PP is 320 nm, which can efficiently absorb UVB light,
causing the 6-4PP to be converted into its Dewar valence isomer (25-27) (Figure 1.4). Among all
dipyrimidine photoproducts, CPD is most abundant, as it is generated eightfold more frequently
than 6-4PP under UVB irradiation (28). Thus, since the first discovery of CPD in a frozen thymine
aqueous solution exposed to UVC by Beukers in 1958 (29), the study of CPDs has always been
the focus of attention of scientists in the photochemistry and photobiology field.

1.3 Cyclobutane Pyrimidine Dimers (CPDs)
1.3.1 The Direct and Indirect Pathway of CPD Formation
The formation of CPDs involves electronically excited pyrimidines in DNA. The direct pathway
to CPD formation involves direct excitation by absorption of a UV photon. The excited states of
DNA bases involve both singlet states and triplet states. The singlet states have much higher energy
than the triplet states. In DNA, the lowest level singlet state is that of cytosine, while the lowest
energy triplet state is that of thymidine (30,31). The excited state energy levels of DNA bases are
shown in Figure 1.5. UVC and UVB, known as the main causes of the carcinogenic effects of
sunlight directly cause a photochemical reaction that generates dipyrimidine photodimers within
DNA (32,33). The UVC photon can be efficiently absorbed by DNA and it has sufficient energy
to excite both pyrimidines C and T from their ground states to their singlet excited states which
leads directly to dipyrimidine photoproducts (31). UVB can also be directly absorbed by DNA,
but poorly compared to UVC. The energy of UVB can also excite pyrimidines to their singlet
states, leading to photoproducts by the direct pathway. Because UVA is only weakly absorbed by
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DNA, it was believed for years that UVA is incapable of producing CPDs by a direct pathway.
However, it was later found that CPD formation can arise from direct UVA absorption (31,34-36).
The ability of DNA to absorb UVA was attributed to the double-helix structure of DNA and base
stacking (35). But in contrast to lower wavelengths, the energy of UVA is too low to excite the
singlet states of DNA bases, so the DNA excitation via UVA absorption it thought to be a triplet
process (31). Unfortunately, the mechanism of the direct pathway of UVA-induced CPD is still
unclear and remains to be characterized.
CPD formation can also occur via indirect pathways. The indirect pathways can be divided into
two types: photosensitized (13) and chemisensitized (37). The photosensitized pathway to CPD
formation involves a photosensitizer that acts as a bridge to transfer energy from UVA to DNA.
DNA photosensitizers are compounds that can efficiently absorb the low energy UVA and become
excited to their singlet state, which then intersystem crosses to the triplet excited state. These triplet
state molecules then transfer their triplet state energy to DNA that then results in CPD formation
(38). Although UVA generates CPD with very low efficiency via direct DNA excitation, it plays
a very important role in this photosensitization mechanism of CPD formation. The mechanism by
which triplet state photosensitizers transfer their energy to DNA is called triplet-triplet energy
transfer (TTET) (39). The chemisensitized pathway also involves triplet-triplet energy transfer
between triplet state compounds and DNA except that the triplet state of the sensitizer is produced
from a high energy intermediate. There are some well-known triplet state sensitizers, such as triplet
state carbonyl compounds which are result from the decomposition of high energy unstable
dioxetane compounds (37). Both photosensitization and chemisensitization pathways are
discussed in this dissertation.
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1.3.2 The C to T Mutation Leaded by CPD
CPDs have been identified as a principal cause of skin cancer by causing a C to T and/or CC to
TT signature mutations (40). The principal pathway to these mutations has been proposed to
proceed through deamination of the cytosines in the CPDs. The C in a CPD is unstable and readily
deaminates to uracil (U) (41-43). Therefore, when a TC CPD is formed, the T=C dimer will
deaminate to T=U which will direct the insertion of AA during translation synthesis by polymerase
ŋ (44-46). Polymerase ŋ is Y family DNA polymerase that is specifically adapted to synthesize
past CPDs at stalled replication forks during the first round of replication. In the second round of
replication, a T will be inserted opposite the A that was introduced opposite the U in the CPD
leading to a C to T mutation (Figure 1.6).

1.3.3 The CPD Repair Enzyme: T4 Endonuclease V
CPDs can be located in DNA by the pyrimidine dimer specific repair enzyme, T4 endonuclease V
(T4-pdg). T4-pdg binds and cleaves the pyrimidine dimer, through a mechanism which involves
its glycosylase activity and lyase activity on the 5’-pyrimidine of the CPD. The N-glycosylic bonds
of pyrimidines are hydrolyzed by the glycosylase activity to form an AP site, followed by the
phosphodiester backbone cleavage at the 3’-end via the AP lyase activity (Figure 1.7). Because of
its specificity for CPDs, T4-pdg is used to detect CPD formation in this dissertation.

1.4 Photosensitization and DNA Damages
1.4.1 Singlet States and Triplet State
A singlet state is an electronic state which all electrons are paired with antiparallel spins, according
to the Pauli exclusion principle. On the other hand, a triplet state is an electronic state in which
two spins are unpaired and have parallel spins. Most organic compounds exist in the singlet ground
state, but other molecules, most notably oxygen, exists as a ground state triplet. When a singlet
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ground state singlet compound is irradiated, it can be excited to a higher energy singlet state with
paired spins, according to the conservation of spin law (spin allowed). The singlet excited state
can transition to the triplet excited state through relaxation, called intersystem crossing (ISC), in
which the spin of the excited electron flips to the opposite spin. When the vibrational levels of
singlet and triplet excited states overlap, intersystem crossing will be more likely to occur.

1.4.2 Fluorescence and Phosphorescence
When compounds relax from a singlet excited state to a lower energy level singlet state (usually
the ground state), through emission of a photon, the emission is called fluorescence. The emitted
light has a longer wavelength (lower energy) than the absorbed light. For example, if the
absorption wavelength of a molecule occurs in the UV, its fluorescence may be in the visible. The
mechanism of fluorescence can be explained by the following equations:
(1) Excitation: 𝑆𝑜 + ℎ𝜈𝑒𝑥 → 𝑆1
(2) Emission: 𝑆1 → 𝑆0 + ℎ𝜈𝑒𝑚
Because fluorescence is spin allowed the absorbed radiation is often emitted immediately, the
decay time of fluorescence emission is in the order of nanoseconds. Phosphorescence is another
type of photon emission. After a singlet excited state molecule intersystem crosses to a triplet
excited state, it can decay to a singlet ground state by emitting light, which is called
phosphorescence. The mechanism of phosphorescence is described in the following equation:
(3) 𝑆0 + ℎ𝜈𝑒𝑥 → 𝑆1 → 𝑇1 → 𝑆0 + ℎ𝜈𝑒𝑚
In the phosphorescence process, the excited electron must undergo a spin flip (spin forbidden)
which is kinetically unfavored, thus phosphorescence occurs with a significantly slower time scale
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than fluorescence. The triplet emission lifetime is in the order of milliseconds. Therefore a time
gate can be used to distinguish fluorescence and phosphorescence emission.

1.4.3 Photosensitization and CPD Formation
As discussed above, when DNA is exposed to UVB light which overlaps with the DNA absorption,
DNA will be excited to singlet state can cause two adjacent pyrimidines to form CPDs. CPDs can
also be produced with lower energy UVA through photosensitization, which involves triplet-triplet
energy transfer (TTET) between the DNA and the triplet excited state of the photosensitizer
(13,38,39). Good DNA photosensitizers efficiently absorb low energy UVA to form an excited
state that efficiently intersystem crosses to a triplet state that is above the triplet states of the
pyrimidines in DNA. The triplet excited photosensitizer can then transfer its triplet energy to the
DNA via a triplet triplet energy transfer (47). Then the triplet state of the DNA can result in CPD
formation as shown in Figure 1.8. In contrast to CPD formation via a photochemically allowed
[2+2] pericyclic reaction which occurs from the single state, the CPDs produced by triplet state
DNA are generated by a biradical mechanism (47). Therefore, even though UVA is very inefficient
in directly forming CPDs, CPD formation can be very efficient in the presence of DNA
photosensitizers making UVA a threat to human health. There are many chemicals and drugs that
have been found to be DNA photosensitizers (48). Among these compounds, carbonyl compounds
are a well-known type of DNA photosensitizer. Norfloxacin is a antibiotic that has been reported
to have the lowest triplet energy possible to photosensitize DNA (49). Therefore, the triplet energy
of norfloxacin is used as a standard to determine the photosensitizing ability of the drugs based on
their triplet states as studied in this dissertation.
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1.4.4 Photosensitization and DNA Photooxidation Damage
Triplet photosensitizers can also excite oxygen from its triplet ground state to a singlet excited
state via TTET (Figure 1.9). The singlet oxygen generation process is likely to happen when the
DNA is at low concentration and oxygen is at a high concentration. Singlet oxygen can either
decay to triplet state, emitting phosphorescence at 1270 nm, or can oxidize DNA. Among all
nucleobases, guanine has the lowest oxidation potential (Eox), and thus the oxidation reactions of
DNA predominately occur at G sites. The most common type of guanine oxidation product is 8oxoguanine (8-oxo-G), which results from an unstable peroxy intermediate formed on the fivemember ring of guanine (Figure 1.10). The 8-oxo-G lesion also leads to its own signature DNA
mutation. Besides pairing with cytosine as normal guanine (Watson-Crick base pairs), 8-oxo-G
can also pair with adenine (Hoogsteen base pair) resulting in a GC to TA mutation through DNA
replication (Figure 1.11). Both CPD and 8-oxo-G which are induced by photosensitization are
shown in Figure 1.12.

1.5 Chemisensitization and DNA Damages
Chemiluminescence is light which is produced and emitted by chemical reaction, and
bioluminescence is the chemiluminescence that occurs in living organisms. Over the years,
bioluminescence has always attracted much attention by scientists, which eventually led to the
uncovering of the mechanism of the light emission from fireflies. Fireflies utilize the luciferinluciferase system, which was one of the earliest bioluminescent systems to be studied (50), and
the first report of luciferin was published in 1949 (51). Then in the 1960s, research showed that a
1,2-dioxetanone intermediate was the immediate precursor to bioluminescence in fireflies, by
serving as a high-energy intermediate in the light emission process (52,53). In 1968, a stable
derivative of dioxetane, 3,3,4-trimethyl-1,2-dioxetane, was synthesized. After heating to 333 K,
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blue emission light was detected while it decomposed to acetone and acetaldehyde which
supported the proposal that the thermal decomposition 1,2-dioxetanone is involved in the
mechanism of bioluminescence (54). Since then, the mechanism of the chemiluminescence process
of fireflies has been studied and generally accepted (Figure 1.13) (55-58). In this mechanism, the
condensation reaction of firefly luciferin and adenosine-5’-triphosphate (ATP) is catalyzed by
luciferase, along with Mg2+. The product of the condensation is deprotonated and reacts with
oxygen to form a peroxide which then cyclizes to a dioxetanone intermediate. This unstable highenergy intermediate can decompose to CO2 and a singlet excited state carbonyl compound which
decays to the ground state by emitting visible light. The key intermediate dioxetanone belongs to
the 1,2-dioxetane family. 1,2-dioxetanes are 4-member ring peroxides with high strain energy due
to the four-membered ring structure. They can form excited state carbonyls under thermal
decomposition. However, studies have shown that the simple 1,2-dioxetanes decompose
predominantly to a triplet excited state carbonyl rather than a singlet excited state carbonyl (Figure
1.14) (59). Therefore, the direct emission of a photon initiated by thermal decomposition of 1,2dioxetane is very weak, making it difficult to detect. The triplet excited state carbonyl can relax to
the ground state by release the energy as heat, light, or by transferring its triplet energy to an
acceptor (Figure 1.15). Thus, triplet carbonyls can serve as triplet sensitizers. If a triplet carbonyl
has high enough triplet energy, it can produce singlet oxygen or DNA photoproducts. In 1971, a
landmark paper was published showing that the thermal decomposition product of trimethyl-1,2dioxetane (TDO) could if fact chemsensitize CPD formation in vitro (37). TDO decomposed to
triplet excited acetaldehyde or acetone either one of which could have the ability to triplet excite
DNA. After that, chemisensitization has been proved to be another indirect pathway to CPD
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formation besides photosensitization. Moreover, 1,2-dioxetane and its derivatives are regarded as
important potential DNA chemisensitizers.

1.6 The “Dark” Pathway of CPD Formation
1.6.1 Melanin
Melanin is a group of natural pigments, named from the Greek word “melas”, meaning “black,
dark”. Melanin pigments can be found in most organisms and are generated in melanocyte cells.
For humans, melanins determine the color of skin, hair and eye. Melanin is produced from the
polymerization of 5,6-dihydroxyindole-2-carboxylic acid (DHICA) or 5,6-dihydroxyindole (DHI),
which arise from L-DOPA generated from the oxidation of the amino acid tyrosine (60,61). In
human skin, melanogenesis is triggered by the irradiation of UV light. The formation of melanin
leads to a darker skin color and melanin has the ability to dissipate more than 99.9% of the energy
of UV light (62). Because of this ability, melanin is capable of protecting humans from UVinduced DNA damage. However, the exact relationship between melanin and photoprotection still
remains unclear.

1.6.2 Peroxynitrite
Peroxynitrite (O=NOO-) is an anion which is the conjugate base of peroxynitrous acid.
Peroxynitrous acid is unstable and has a pKa of 6.8, but peroxynitrite is stable under basic
conditions at pH’s above the pKa (63). In vivo, peroxynitrite can be produced by the free radical
combination reaction of superoxide and nitric oxide (64) as shown in the following equation:
O2•− + NO• → ONOO−
Peroxynitrite can easily oxidize electron-rich groups by either a one-electron or two-electron
process. If peroxynitrite is reduced by two electrons NO2− will be produced, and if reduced by one10

electron the NO2• radical is formed (65). In 1999 was discovered that peroxynitrite can oxidize
isobutanal via a one electron aerobic process to produce dioxetane intermediates which can
decompose to chemiluminescent carbonyls (66). It was proposed that the enol reacts with
peroxynitrite via a one-electron oxidation to generate a resonance stabilized enolyl radical. The
radical then reacts rapidly with oxygen to form a peroxy radical that then abstracts a hydrogen to
form a hydroperoxy compound that adds to the carbonyl to form a dioxetane that can decompose
to an excited state carbonyl (Figure 1.16). A similar one-electron oxidation mechanism can be
proposed for the formation of dioxetanes from indole by peroxynitrite via an indoyl radical
followed reaction with oxygen, hydrogen abstraction and dioxetane formation at the C2-C3 double
bond on indole ring (Figure 1.17). Besides acting as an oxidant, peroxynitrite anion can also react
with electrophiles such as carbon dioxide which has been found to result in chemiluminescence
(67). It has been found (68-70) that carbon dioxide reacts with peroxynitrite to produce the
O=NOOCO2− adduct as shown in the following equation:
ONOO− + CO2 → ONO2CO2− → CO3•− + NO2•
The adduct can then fragment at the weak O-O bond and dissociates into nitrate radical and
carbonate radical as shown in Figure 1.18 which can abstract hydrogens and cause other free
radical reactions. Peroxynitrite generated in vivo is of great interest because it can damage
biomolecules. It has become of more interest recently with the finding that it may be responsible
for the formation of CPDs in the dark in previously irradiated melanoma cells which will be
discussed in further detail below.

1.6.3 The Discovery of CPDs in Dark
It is generally accepted that CPDs are produced either from direct UV absorption or indirectly
through photosensitization, both of which require the presence of UV light. Surprisingly, in 2015
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a revolutionary paper was published showing that CPDs were being produced in melanocytes long
after the exposure to UV by a thus named “dark” pathway (71). In contrast, CPD formation was
not observed in albino melanocytes which lacked melanin (Figure 1.19) suggesting that melanin
was involved in the “dark” pathway. Premi et al proposed that the “dark” CPD formed in
melanocytes are generated via a chemsensitization mechanism involving peroxynitrite. As
described in the previous section, peroxynitrite is a powerful oxidant that has been found to
produce dioxetanes which can be formed from the reaction of nitric oxide and superoxide. Nitric
oxide and reactive oxygen species (ROS) such as superoxide can be produced in cells by inducible
nitric oxide synthase (iNOS) and nicotinamide adenine dinucleotide phosphate oxidase (NADPH
oxidase, NOX) under UV irradiation (72,73). It was also known that superoxide can also be
generated by the synthesis of melanin (71). They proposed that peroxynitrite could oxidize melanin
and/or melanin precursors to produce dioxetanes which decompose to triplet state carbonyls and
chemisensitize DNA. The general mechanism is shown in Figure 1.20 (74). To investigate this
type of mechanism, the melanin precursor DHICA was oxidized by horseradish peroxidase and
hydrogen peroxide under mild reaction conditions. The oxidation products of DHICA were
monitored by liquid chromatography/mass spectrometry in negative ion mode for products with
224 m/z which corresponds to two possible dioxetane decomposition products. Structure 1 forms
from the dioxetane at the C5-C6 double bond on the phenyl ring and structure 2 from the dioxetane
formed on the C2-C3 bond on the indole ring (Figure 1.21) (71). This novel proposal for a
chemisensitized pathway to CPD formation has captured the attention of researchers, but there are
still many unknown aspects in the “dark” pathway. Therefore, the work in this dissertation is trying
to uncover the mechanism of the “dark” pathway.
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1.7 Dissertation Overview
Cyclobutane pyrimidine dimers are the central DNA photoproducts that have been linked to skin
cancer induction and the discovery of the “dark” CPDs expands the possibility that chemisensitized
CPD formation may be occurring in many cell types in the absence of light. Therefore, it is
important to determine the chemical mechanism of the “dark” pathway for the prevention of skin
cancer. In the this first chapter, the general mechanism for the direct pathway to CPD formation
and the indirect pathway including photosensitization and chemisensitization were discussed
ending with a discussion of the “dark” pathway. In the second chapter, the synthesis and
characterization of the decomposition products of analogs of putative dioxetane chemosensitizers
formed from the 5,6-double bond of indoles hypothesized to be involved in the “dark” pathway to
CPD is described. The triplet energies and DNA photosensitization abilities of these indole
oxidation products were characterized leading to the conclusion that melanin products oxidized at
the 2,3-double bond of indole would be unable to triplet sensitize DNA. In the third chapter, we
studied the ability of various classes of organic and inorganic compounds to chemisensitize CPD
formation in the presence of peroxynitrite, suggesting that peroxynitrite itself is the immediate
precursor to the chemisensitizer. In the fourth chapter, all the experiments are discussed, leading
to several conclusions about the dark pathway along with proposed future experiments.
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1.8 Figures

Figure 1.1. Sunlight and UV light. The UV light is divided to UVA, UVB and UVC by wavelength.
As the figure shown, UVC and near UVB are blocked by ozone layer to protect creatures from
strong UV irradiation.
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Figure 1.2. DNA and ozone absorption spectrum. The absorption of ozone and DNA are close to
each other; therefore, ozone protects DNA from direct absorption of UVC.
*This figure is adapted from Ref. (8).
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Figure 1.3. DNA photoproducts. (a) CPD (b) 6-4 PP (c) Dewar Isomer
*This figure is adapted from Ref. (19).

Figure 1.4. The formation of TT pyrimidine dimers, include TT CPD, TT 6-4PP and TT Dewar
Isomer
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Figure 1.5. The singlet excited state and triplet excited state of DNA bases. C has the lowest singlet
energy and T has the lowest triplet energy.
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Figure 1.6. The T to C or TC to TT mutation caused by CPD
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Figure 1.7. The mechanism of CPD cleavage by T4-pdg
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Figure 1.8. The direct and indirect photosensitization pathway to CPD. The direct pathway occurs
at singlet excited state, whereas the photosensitization pathway occurs via TTET.

Figure 1.9. Singlet Oxygen is generated via photosensitization. Ground state oxygen is excited by
triplet photosensitizer via TTET.
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Figure 1.10. The formation of DNA photooxidation product 8-oxo-G induced by singlet oxygen.
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Figure 1.11. The GC base pair to TA base pair mutation caused by 8-oxo-G.
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Figure 1.12. DNA damages caused by photosensitization.

Figure 1.13. The chemistry mechanism of firefly luciferin bioluminescence.
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Figure 1.14. The thermal decomposition of 1,2-dioxetane to excited carbonyls. The triplet state
carbonyl is major, and the singlet state carbonyl is minor.
*This figure is adapted from Ref. (59).

Figure 1.15. The triplet state carbonyl. Triplet carbonyl can release its energy by heat, light of
triplet-triplet energy transfer.
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Figure 1.16. The proposed mechanism of one-electron oxidation by peroxynitrite. IBAL is
isobutanal

Figure 1.17. The proposed mechanism of one-electron oxidation of indole by peroxynitrite.

Figure 1.18. The proposed mechanism of peroxynitrite reacting with carbon dioxide to generate
nitrate radical and carbonate radical.
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Figure 1.19. The discovery of CPD produced in the absence of UV light. The CDP formation
continued in melanocytes for 3 hours but stopped immediately in albino cells.
*This figure is adapted from Ref. (71).

Figure 1.20. The proposed chemisensitization mechanism of the “dark” pathway to CPD formation
*This figure is adapted from Ref. (74).
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Figure 1.21. Identification of putative triplet-carbonyl sensitizers: Compound 1 and Compound 2.
The oxidation product of DHICA separated and detected by LC-MS.
*This figure is adapted from Ref. (71).
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Chapter 2: The Photosensitization Study
Related to the Dark Pathway
2.1 Abstract
Cyclobutane pyrimidine dimers (CPDs) have been discovered to be produced by a “dark” pathway
following UV irradiation of melanocytes. The formation of CDPs was proposed to result from a
chemosensitization pathway in which dioxetanes formed by the reaction of peroxynitrite with
melanin or melanin precursors decompose to triplet state carbonyl compounds which sensitize
CPD formation and increase the fraction of C-containing CPDs. To determine whether compounds
of the types proposed to be involved were capable of chemosensitizing CPD formation, N-1phenyl-2-carbonyl formamides corresponding to the decomposition products of variously
substituted 2,3 dioxetanes of indoles were synthesized. Triplet state energies were determined at
77 K and the ability of the products to photosensitize CPD formation were determined by a T4
pyrimidine dimer glycosylase-coupled gel electrophoresis assay. In comparison to norfloxacin,
NFX, which has the lowest known triplet energy capable of photosensitizing CPD formation in
duplex DNA, the oxidation products of 5-hydroxy (HOP) and 5,6-dimethoxy (DOP) indoles,
analogs of melanin precursors, had lower triplet energies and were incapable of photosensitizing
CPD formation. Oxidation products of indoles lacking oxygen substituents, such as indole itself
(IOP) and tryptamine (TOP) had higher triplet energies than NFX and were capable of
photosensitizing CPD formation. We conclude that dioxetanes formed from the 2,3 double bond
of oxygen-substituted indoles are not likely to be involved in the dark pathway and that some other
intermediates must be involved.
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2.2 Introduction
Recently, cyclobutane pyrimidine dimers (CPDs) have been discovered to form in significant
quantities in melanocytes in the dark following exposure to UVA or UVB light that was attributed
to a chemiexcitation process (1–3). It was proposed that peroxynitrite, formed from the reaction
of nitric oxide and superoxide, oxidized melanin or melanin precursors to form highly unstable
dioxetanes that subsequently decomposed to triplet excited products that then triplet sensitized
CPD formation in DNA (Figure 2.1a). In support of such a proposal, the authors showed that
addition of peroxynitrite to melanin and the melanin precursor dihydroxyindolecarboxylic acid
(DHICA, 1b) resulted in CPD formation. They also detected a product of the reaction of DHICA
with peroxynitrite that had the mass expected for the dioxetane decomposition products 4 or 5.
Based on the observation that peroxynitrite oxidation of 5-hydroxyindole-2-carboxylic acid, HICA
1c, can also chemisensitize CPD formation they concluded that the dioxetane responsible formed
at the 2,3-double bond of the indole, which would produce an N-1-phenyl-2-carbonyl formamide
moiety upon decomposition. Another feature of the putative chemisensitization process was that
the frequency of C-containing CPDs increased greatly compared to UVA irradiation alone.
In support of the idea that dioxetanes formed from the 2,3-double bond of indoles can
chemisensitize CPD formation, it was shown quite some time ago that the photooxidation product
of tryptamine (tryptamine oxidation product, TOP, 7a) can photosensitize CPD formation (4) and
that the analogous compound N-formylkynurenine, NFKU, 7b, which results from the
photooxidation of tryptophan, has a triplet state energy similar to that of thymine (5, 6). In later
studies, it was found that exposure of proteins to peroxynitrite produced chemiluminescence that
could be largely attributed to oxidation of tryptophan (7)(8), and that peroxyntrite oxidation of
Boc-tryptophan forms Boc-NFKU (9). To gain further insight into the unknown dark pathway, we
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have synthesized variously substituted N-1-phenyl-2-carbonyl formamides, corresponding to the
decomposition products of dioxetanes of the 2,3-double bond of indoles (Figure 2.1b), and
determined their triplet state energies and their ability to photosensitize CPD formation in DNA.
Our results indicate that products resulting from dioxetane formation of the 2,3-double bond of
oxygen-substituted indoles, such as DHI and DHICA, are unlikely able to triplet sensitize DNA,
and that other intermediates or mechanisms must be involved.

2.3 Materials and Methods
2.3.1 General
Norfloxacin was from Sigma. Ozonolysis was carried out on a Model: MP-1000 ozonizer from
A2Z Ozone, Inc.

2.3.2 Synthesis of Indole Oxidation Products

Synthesis of IOP, 6
Ozone (0.35 mmol/min) in oxygen (1 L/min) was bubbled for about 10 min through a 100 mM
solution of indole, 11, (175 mg, 1.5 mmol) in 10 mL of DCM and 5 mL of methanol in a 20  150
mm test tube at room temperature until the starting material disappeared by TLC. The residual
ozone was flushed with O2 and then triphenylphosphine (525 mg, 2 mmol) was added directly to
the solution and stirred at room temperature overnight. The solvent was removed by rotary vacuum
evaporation and the residue was purified by flash chromatography on silica gel (1:1
ethylacetate/hexane) to give IOP, 6, as a yellow solid (124 mg, 0.83 mmol, 55%). 1H NMR (500
MHz, acetone-d6) δ 11.02 (s, 1H), 9.92 (s, 1H), 8.71 (d, J = 8.4 Hz, 1H), 8.51 (s, 1H), 7.69 (d, J =
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7.5 Hz, 1H), 7.61 (t, J = 7.7 Hz, 1H), 7.27 (dd, J = 9.1, 5.9 Hz, 1H). 13C NMR (126 MHz, CDCl3)
δ 198.09, 162.60, 142.32, 138.82, 138.67, 126.27, 124.42, 123.42.

Synthesis of 13
(Boc)2O (750 mg, 3.44 mmol) in 3 mL of 1,4-dioxane and was added to tryptamine, 12, (500 mg,
3.12 mmol) in 3 mL of 1,4-dioxane and 0.9 mL Et3N and stirred at room temperature for 1 h. The
solvent was removed by rotary vacuum evaporation and the residue was purified by flash
chromatography on silica gel (1:1 ethylacetate/hexane) to give 13 as a white solid (805 mg, 3.10
mmol 90%). 1H NMR (300 MHz, CDCl3) δ 8.10 (s, 1H), 7.61 (d, J = 7.9 Hz, 1H), 7.40 – 7.33 (m,
1H), 7.20 (ddd, J = 8.2, 7.1, 1.3 Hz, 1H), 7.12 (ddd, J = 8.0, 7.1, 1.1 Hz, 1H), 7.02 (d, J = 2.1 Hz,
1H), 3.46 (dd, J = 12.2, 6.0 Hz, 3H), 2.95 (t, J = 6.8 Hz, 3H), 1.43 (s, 13H).

Synthesis of 14
Ozone was passed through a 100 mM solution of 13 (390 mg, 1.5 mmol) in 10 mL of DCM and 5
mL of methanol in 20  150 mm test tube at room temperature until the starting material
disappeared by TLC. The excess ozone was flushed from solution was flushed with O2 and
triphenylphosphine (394 mg, 1.5 mmol) was added and stirred at room temperature overnight. The
solvent was removed by rotary vacuum evaporation and the residue was purified by flash
chromatography on silica gel (1:3 ethylacetate/hexane) to give compound 14 as a yellow solid (228
mg, 0.78 mmol, 52%). 1H NMR (300 MHz, CDCl3) δ 11.57 (s, 1H), 8.74 (d, J = 8.4 Hz, 1H), 8.49
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(d, J = 1.6 Hz, 1H), 7.92 (dd, J = 8.0, 1.5 Hz, 1H), 7.57 (t, J = 7.9 Hz, 1H), 7.17 (t, J = 7.6 Hz, 1H),
5.13 (s, 1H), 3.54 (dd, J = 11.7, 5.8 Hz, 1H), 3.27 (t, J = 5.6 Hz, 1H), 1.43 (s, 1H).

Synthesis of TOP, 7a
Compound 14 (292 mg, 1 mmol) was stirred in 0.2 mL of DCM and 0.2 mL TFA at room
temperature in a vented vial to allow release of CO2 for 45 min. CHCl3 (1 mL) was added and then
all solvents were removed by rotary vacuum evaporation to obtain TOP as a brown oil which was
used without further purification. 1H NMR (300 MHz, DMSO-d6) δ 11.01 (s, 1H), 8.44 (s, 1H),
8.31 (d, J = 7.8 Hz, 1H), 7.94 (d, J = 7.5 Hz, 1H), 7.86 (s, 3H), 7.64 (t, J = 7.8 Hz, 1H), 7.28 (t, J
= 7.6 Hz, 1H), 3.41 (t, J = 6.2 Hz, 2H), 3.17 (d, J = 5.7 Hz, 2H). 13C NMR (151 MHz, DMSO-d6)
δ 201.17, 161.57, 137.87, 134.70, 130.84, 125.23, 124.21, 122.03, 37.80, 34.75.

Synthesis of 5-acetoxyindole 16
Acetic anhydride (0.15 mL, 1.6 mmol) was added dropwise to 5-hydroxyindole, 15, (200 mg) and
DMAP (2 mg) in 5 mL anhydrous pyridine and stirred at room temperature for 3 h. Pyridine was
removed by rotary vacuum evaporation and the residue was dissolved in ethyl acetate and washed
three times with water. The organic layer was dried with anhydrous Na2SO4, and the solvent was
removed by rotary vacuum evaporation to give 16 as a white solid (236 mg, 1.35 mmol, 90%). 1H
NMR (300 MHz, acetone-d6) δ 10.31 (s, 1H), 7.41 (d, J = 8.7 Hz, 1H), 7.37 (t, J = 2.8 Hz, 1H),
7.27 (d, J = 2.2 Hz, 1H), 6.84 (dd, J = 8.7, 2.2 Hz, 1H), 6.47 (t, J = 2.1 Hz, 1H), 2.24 (s, 3H).
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Synthesis of 17
Ozone was passed through a 100 mM solution of 16 (262 mg, 1.5 mmol) in 10 mL of DCM and 5
mL of methanol in a 20  150 mm test tube 0.1 M solution at room temperature until the starting
material disappeared by TLC.

The excess ozone was purged with O2 after which

triphenylphosphine (525 mg, 2 mmol) was added and stirred at room temperature overnight. The
solvent was removed by rotary vacuum evaporation and the residue was purified by flash
chromatography on silica gel (1:4 ethylacetate/hexane) to give IOP as a white solid (174 mg, 0.84
mmol, 56%). 1H NMR (300 MHz, acetone-d6) δ 10.91 (s, 1H), 10.00 (s, 1H), 8.71 (d, J = 9.0 Hz,
1H), 8.63 (s, 1H), 7.69 (d, J = 2.8 Hz, 1H), 7.45 (dd, J = 9.0, 2.8 Hz, 1H), 2.30 (s, 3H).

Synthesis of HOP, 8
Compound 17 (5.6 mmol) in 10 mL methanol was treated with 15 mL of a saturated solution of
K2CO3 in methanol and stirred at room temperature for 45 min. The pH was adjusted to pH 7 with
1 M HCl and the mixture extracted with DCM which was then washed three times with water and
dried over anhydrous NaSO4. The solvent was removed by rotary vacuum evaporation and the
residue purified by flash chromatography on silica gel (1:2 ethylacetate/hexane) to give HOP as a
white solid (813 mg, 4.9 mmol, 88%). 1H NMR (300 MHz, acetone-d6) δ 10.62 (s, 1H), 9.94 (s,
1H), 8.75 (s, 1H), 8.53 (s, 1H), 8.51 (d, J = 9.3 Hz, 1H), 7.33 (d, J = 3.0 Hz, 1H), 7.17 (dd, J = 9.0,
3.0 Hz, 1H). 13C NMR (151 MHz, acetone-d6) δ 195.66, 160.47, 153.87, 132.76, 123.02, 122.71,
121.52, 116.91.
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Synthesis of 19
Fe powder (335 mg, 6 mmol) and 2 mL 0.15 M HCl were added to 6-nitroveratraldehyde, 18, (422
mg, 2 mmol) in 10 mL ethanol and heated to reflux for 1 h and allowed to cool to room temperature
and stirred for another 30 min. The reaction mixture was diluted with 17 mL ethyl acetate and
stirred for 5 min and filtered through a short Celite plug. The solution was concentrated by rotary
vacuum evaporation and purified by a short column flash chromatography on silica gel (1:5
ethylacetate/hexane). The solvent was removed by vacuum to obtain 19 as a yellow solid (181 mg,
1 mmol, 50%). 1H NMR (300 MHz, CDCl3) δ 9.69 (s, 1H), 6.88 (s, 1H), 6.12 (s, 3H), 3.88 (s, 3H),
3.85 (s, 3H).

Synthesis of DOP, 9
Formic acid (30 mmol) was added dropwise to 19 (140 mg, 1 mmol) and ZnO (41 mg, 0.5 mmol)
in 8 mL toluene and heated with stirring at 60 C in oil bath for 7 h after. After cooling additional
ethylacetate (8 mL) was added and the ZnO removed by filtration. The solution was washed with
water and saturated NaHCO3 solution and the organic layer dried over anhydrous Na2SO4. Rotary
vacuum evaporation yielded DOP as a yellow solid (156 mg, 0.75 mmol, 75%). 1H NMR (300
MHz, CDCl3) δ 11.23 (s, 1H), 9.77 (s, 1H), 8.48 (s, 1H), 8.44 (s, 1H), 7.07 (s, 1H), 4.00 (s, 3H),
3.93 (s, 3H).

13

C NMR (126 MHz, CDCl3) δ 193.29, 159.96, 155.42, 144.93, 136.30, 116.37,

114.70, 104.00, 56.53, 56.27.
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2.3.3 Optical Spectroscopy and Gel Assay for CDP Formation

Optical spectroscopy
All spectroscopic measurements were carried out at 77 K, using a VNF-100 liquid nitrogen
cryostat (Janis, USA). For measurements of steady-state absorption spectra the samples were
resuspended in 60/40 glycerol/ deionized water (v/v) buffer and placed in 1 cm poly(methyl
methacrylate) (PMMA) cuvette and slowly frozen to form a transparent glass. Absorption spectra
were collected with a UV-1800 UV-Vis spectrophotometer (Shimadzu, Japan). For time-resolved
emission measurements each sample was dissolved in deionized water, placed in rounded glass
vial and frozen to 77 K. Fluorescence and phosphorescence emission spectra were recorded using
LP920-K/S flash photolysis spectrometer from Edinburgh Instruments (UK) equipped with Andor
ICCD camera (IStar with DH720-18H-13 CCD head, Andor, USA). The samples were excited
with laser pulses delivered from Vibrant 355 laser system (Opotek. USA). To assure complete
triplet recovery between consecutive excitations the flashing repetition was set to 0.2 Hz. All
samples were excited at 355 nm with the energy of the excitation beam of ~12 mJ, corresponding
to a photon flux of ~31016 photons/cm2 (with beam size dimension at the sample of ~1 cm).
Fluorescence emission spectra were recorded by integrating emission signal between 0 and 20 ns
after excitation. Phosphorescence emission spectra were recorded by integrating emission signal
between 10 ms and 500 ms after excitation. For phosphorescence dynamic characterization the
emission spectra were recorded at time delays of 10, 20, 30, 50, 80, 120, 150, 200 and 300 ms with
respect to excitation pulse with 3 ms time integration gates. To assure good quality of the signal,
10 to 20 measurements were averaged for each spectrum. Subsequently, these spectra were
compiled into phosphorescence decay profiles. To improve profile quality and spectral clarity, if
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needed, time-resolved spectra were initially smoothed with Savitzky-Golay algorithm (points of
window 70, boundary conditions: none, polynomial order: 2). Finally, the decay profiles were
globally fitted with following fitting procedure (10):
(1) 𝑃ℎ(𝑡, 𝜆) = ∑𝑛𝑖=1 𝐶(𝑡)𝑖 𝑃ℎ𝐷𝑆𝑖 (𝜆)
Where Ci(t), is time-dependent concentration of ith PhDS expressed as 𝐶𝑖 (𝑡) = exp(−𝑘𝑖 𝑡) ×
𝐼𝑅𝐹(𝑡), where (×) represents signal convolution with hypothetical instrument response function,
IRF, and 𝑃ℎ𝐷𝑆𝑖 (𝜆) represents Phosphorescence Decay Spectrum. Fitting was performed using
CarpetView software (Light Conversion, Lithuania). The IRF curve was idealized by Gaussian
with the full width at half maximum of 6 ms, as that value gave the most realistic signal
convolution curve.

Gel assay for CPD formation
Supercoiled plasmid DNA pBSSK(-) (2964 bp, 10 ng/uL, 7.7 μM bp final concentration) was
irradiated in 10 uL of 50 mM NaCl, 10 mM TrisHCl, pH 7.5, 5 mM EDTA in a 1.5 mL Eppendorf
tube on its side in ice with PLL 36W UVA lamp (Philips) at 1.5 cm distance, at approximately 15
mW /cm2. The solution was then treated with 75 ug/mL T4-pdg for 30 min at RT and then analyzed
by horizontal gel electrophoresis, 1% agarose gel in TBE buffer at 150 volts for 1 h in the presence
of 0.2 ug/mL ethidium bromide. The fluorescence of the bands upon irradiation with 302 nm light
was captured on a ChemiDoc XRS+ System (Biorad). The band volumes were then quantified by
Biorad Quantity One software and corrected for the preferential binding of ethidium bromide to
supercoiled DNA (factor of 1.3)(11, 12), and for the amount of form II DNA present in the stock
plasmid solution. The number of strand breaks S, corresponding to sites of CPDs, was calculated
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from the fraction of forms I, II and III and the Poisson equation assuming random CPD formation
and assuming that an average of 16 bp between opposed single strand breaks results in a double
strand break, or form III DNA, according to the following equations (13).
(2) When only form I and form II DNA is present:
𝑆 = − ln(𝑓𝐼 ) where fX corresponds to the fraction of form X DNA
(3) When forms I, II, and III are present
𝑓𝐼 + 𝑓𝐼𝐼 = [1 −

𝑆(2ℎ+1) 𝑆/2
]
2𝐿

where L = length of the plasmid in base pairs

The number of CPDs formed was then calculated as the number of breaks in the presence of the
photosensitizer minus the number of breaks in the absence of the photosensitizer.

2.4 Results and Discussion
2.4.1 Optical Selection and Synthesis of Photosensitizers
To investigate the effect of oxygen substituents found in melanin and melanin precursors on the
photosensitizing ability of the products of oxetane formation at the 2,3-indole double bond, we
determined the triplet state energies and photosensitizing ability of four different indole oxidation
products: the oxidation product of tryptamine (TOP)(4), indole (IOP)(14, 15), 5-hydroxyindole
(HOP), and 5,6-dimethoxyindole (DOP)(16). The oxidation product of 5-hydroxyindole 1d
(Figure 2.1a) was chosen instead of the 2-carboxylic acid derivative 1c used in the original study
(2) because it was easier to work with synthetically and was expected to have very similar
photophysical properties having a formyl group in place of an oxalyl group. Likewise, the
oxidation product of 5,6-dimethoxyindole 1e was chosen instead of dihydroxyindole carboxylic
acid (DHICA 1b), because it was expected to be more stable to oxidative polymerization in air as
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the dimethylether and was easier to work with synthetically, yet was expected to have very similar
photophysical properties. In addition, we compared the photophysical properties of the indole
oxidation products to the well-studied photosensitizer of CPD formation, norfloxacin, which has
a triplet state just above that of thymine in DNA (17).
The synthesis of TOP, IOP, and HOP were based on the selective ozonolysis of the 2,3-indole
double bond followed by reduction of the ozonide with triphenyl phosphine to produce N-(1phenyl-2-carbonyl) compounds (Figure 2.2a-c). IOP was prepared by ozonolysis of indole as
previously reported, (14) followed by reduction with triphenylphosphine. The structure was
confirmed by 1H and 13C NMR and matched previously reported data (Figure 2.3- 2.4). TOP was
prepared by a new route from Boc-tryptamine (18) in which the amino group of tryptamine was
protected with a tert-butyloxycarbonyl (Boc) group to inactivate the amino group and render it
organic soluble for ozonolysis. Following ozonolysis and reduction with triphenylphosphine to
Boc-TOP, the Boc group was removed with trifluoroacetic acid and then neutralized to give TOP
whose structure was confirmed for the first time by 1H,13C NMR and MS (Figure 2.5- 2.8). (15)
HOP was prepared for the first time by first acetylating the hydroxyl group of 5-hydroxyindole to
give 5-acetoxyindole, followed by ozonolysis/reduction, and removal of the acetyl group under
mild conditions to avoid deformylation of the formamide group. The structures were confirmed
by 1H, 13C NMR and MS (Figure 2.9- 2.12). DOP has been previously prepared by photooxidation
of dimethoxyindole, (16) but was prepared in this case by a new route (Figure 2.2d).
Commercially available 2-nitro-4,5-dimethoxybenzaldehyde was reduced to the amine (19) and
then formylated with formic acid according to general methods (20, 21) to give DOP. The structure
of the product, for which no spectra have been previously reported, was confirmed by 1H,
NMR and MS (Figure 2.13- 2.15).
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2.4.2 Photophysical Properties of the Photosensitizers

Absorption
To determine the optimal wavelength for photoexcitation for triplet state studies at 77 K the
absorption spectra were recorded on compounds dissolved in glycerol/water = 60/40 at 77 K
(Figure 2.16). For improved clarity all spectra were normalized to unity at their maxima. The
absorption spectrum of norfloxacin, used as standard sample, reveals two vibronic bands at 316
nm and 329 nm. The indole oxidation products showed rather featureless broad spectra with
absorption maxima at 315 nm for IOP, 321 nm for TOP, 343 nm for DOP, and 331 nm for HOP.
It is apparent that the indole oxidation compounds could be segregated into two groups with
absorption maxima localized around 318 nm and 337 nm, where the presence of hydroxyl
substituents on the aromatic ring causes substantial a bathochromic spectral shift of about 20 nm.

Fluorescence and Phosphorescence Emission
Time-gated measurements utilizing flash photolysis spectrometer (Materials and Methods) were
done to separate fluorescence from phosphorescence emission (see Materials and Methods).
Fluorescence emission spectra were measured by integrating time-resolved spectra from 0 s to 20
ns after sample excitation. Subsequently, expected steady-state phosphorescence emission spectra
were recorded by integrating time-resolved emission between 10 ms to 500 ms after excitation.
The fluorescence and phosphorescence emission spectra were normalized to the maxima and are
shown in Figure 2.17a, 2.17b and details are listed in Table 2.1. The fluorescence maxima did
not follow any particular trend and fell between 443 and 453 nm. Detectable phosphorescence
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emission spectra clearly demonstrate that UVA excited NFX and all indole oxidation products
efficiently intersystem cross (ISC) from the singlet to excited triplet state. The phosphorescence
maxima fell into two groups with absorption maxima at about 420 nm for the unsubstituted indole
oxidation products TOP and IOP and 533 nm for the oxygen substituted indole oxidation products
HOP and DOP.

Triplet state dynamics
To better understand the photosensitizing properties of the indole oxidation products, triplet state
dynamics were also investigated at 77 K. It should be noted that triplet lifetimes can be affected
by excitation intensity, compound concentration, and dissolved oxygen. In this study the triplet
dynamics were investigated only at one and the same molar concentration and fixed laser excitation
energy (refer to Materials and Methods) therefore recorded phosphorescence dynamics do not
provide full picture of triplet state properties of the compounds as it beyond the scope of this work.
Global fitting of the phosphorescence decay profiles of all compounds (Figure 2.18-2.22, panel
a) revealed the presence of two related species, spectrally and kinetically distinct, for the indole
oxidation products TOP, IOP and HOP, referred to as “R-red” and “B-blue” according to relative
position of their spectral maxima (Figure 2.18-2.22, panel b). The phosphorescence spectrum of
the fast decaying component in the NFX sample appeared to be unrelated to that of NFX and was
likely an impurity. Selected global fits of the experimental points of phosphorescence decays are
presented in panels C in Figure 2.18-2.22 and phosphorescence decay lifetimes obtained from the
fitting are listed in Table 2.2. Global fitting of phosphorescence decays of indole oxidation
products in most revealed cases have two spectro-kinetic forms, a major one with fast decay time
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constant of 24-70 ms and a minor with decay of 121-232 ms. Previously, dual phosphorescence
decay of closely related NFKU, 7b, performed in ethanol at 77 K, was attributed to conformational
isomerism about the amide and carbonyl bonds (22). For that compound phosphorescence biphasic
kinetics with lifetimes of 0.1 and 0.5 s are about an order of magnitude longer than we observe for
the closely related TOP molecule 7a however as we described earlier, drawing direct comparison
between phosphorescence dynamics is difficult due to differences in experimental conditions.

Triplet States Energies
It is often straightforward to estimate the triplet state energies for ideal compounds with
phosphorescence spectra with high vibronic resolution by using unique Gaussian functions to
mimic the vibronic bands. It is not so straightforward, to obtain the triplet state energies of the
compounds under study, however, due to their low vibronic resolution, and in some cases
completely featureless, phosphorescence spectra. Therefor a stricter approach to spectral
reconstruction was applied. It was assumed that vibronic progression of the phosphorescence
emission could be approximated by Franck-Condon (F-C) progression according to (23):
Δ2𝜐
𝜈

(4) (𝑇1 → 𝑆0 )(𝜈) = 𝜈 ∑𝜐 𝐶(𝜈𝑖 ) 2𝜐 𝜐!𝑖 exp (−

Δ2𝜈𝑖
2

1

) 2𝜋𝜎 exp {−
𝜈𝑖

[𝜈−(𝜈00 −𝜐𝜈𝑖 )]2
2𝜎𝜈2

}

𝑖

Where i are vibronic modes involved in vibronic progression of the electronic T1→S0 transition,
i is displacement between T1 and S0 states for each vibronic mode i,  is number of vibronic
bands included in progression (=8 was set as default value that would cover entire spectrum), 𝜈00
is T1 state energy, 𝐶(𝜈𝑖 ) is constant for each i mode applied to convolute their relative amplitude
ratio and 𝜎𝜈𝑖 is width of each vibronic band associated with i mode. The formula assumes
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Gaussian-like shapes of the vibronic bands in the spectrum. From resonance Raman studies of
compounds similar to studied here, it is known that ground state vibrations of molecules are
typically dominated by stretching and bending modes of the aromatic ring, 1~1500 cm-1and
2~760 cm-1, respectively. (24) Therefore, these two modes were used to fit spectra (except
norfloxacin). For structurally different norfloxacin two modes, 1~ 1400 (25) and 2~750 cm-1
were included that roughly represent two groups of active vibronic modes revealed in resonant
Raman spectrum (26). The results of F-C simulation are provided in Figure 2.22-2.26, panel d,
and detailed parameters are provided in Table 2.3.
The phosphorescence emission simulations demonstrate that triplet state energy for the molecules
studied falls within 221-265 kJ range. Norfloxacin was used as a reference compound because it
has the lowest triplet state energy known to photosensitize CPD formation in DNA. Its triplet
energy was estimated to be 269-273 kJ/mol from quenching studies (17, 27), but between 283 and
302 kJ/mol from phosphorescence emission studies in buffered water and water ethanol glasses at
77 K, assuming it is at the wavelength at which the phosphorescence emission was 10% of its
maximum (28). These values are much higher than the value of 253 kJ/mol determined by our
analysis of the phosphorescence spectrum of NFX in water at 77 K by the Frank-Condon analysis
method we implemented. It was found previously, however, that the phosphorescence emission
maximum of NFX was concentration and solvent dependent, with a substantial red shift at higher
concentrations in buffered water at 77 K that was attributed to the formation of an exciplex (28).
The blue-shifted TOP species was determined to have a higher triplet energy than NFX of 261
kJ/mol (458 nm), but appears to somewhat lower than that of 275 kJ/mol (435 nm) reported
previously for this compound, and that of 272 kJ/mol (440 nm) reported for the closely related
compound, NFKU, in ethylene glycol water at 77 K (22). Both forms of IOP were found to have
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the slightly higher triplet energy than TOP of 265 kJ/mol and based on our analysis, both IOP and
TOP have triplet energies higher than norfloxacin and were therefore expected to photosensitize
CPD formation in DNA. On the other hand, the oxygen-substituted indole oxidation products,
HOP and DOP were determined to have lower triplet energies of 229 (blue shifted form) and 238
kJ/mol, respectively, than NFX and were not expected to photosensitize CPD formation.

2.4.3 Ability of Indole Oxidation Products to Photosensitize CPD Formation

T4 endonuclease V coupled electrophoresis assay for CPDs
To determine the ability of the various indole oxidation products to photosensitize CPD formation
use was made of an enzyme-coupled gel electrophoresis assay. The assay is based on the ability
of T4 pyrimidine dimer glycosylase (T4-pdg) to selectively cleave the phosphodiester backbone
of DNA at CPDs (29, 30). To assay for strand cleavage, use was made of the fact that introduction
of just one single strand break in supercoiled circular duplex DNA (Form I) converts it to relaxed
open circular DNA (Form II) which has a lower electrophoretic mobility in an agarose gel, and
can be quantified by imaging of an ethidium bromide stained gel. When a sufficient number of
random single strand breaks are made, a double strand break results, converting form II DNA into
linear or form III DNA which migrates between form I and form II DNA. Poisson analysis can be
used to determine the number of single strand breaks from the ratio of the three forms of DNA.
Depending on the length of the circular DNA, using a validated parameter for the average distance
in base pairs between opposing single strand breaks to make a double strand break.

Photosensitized CPD formation as a function of concentration and irradiation time.
52

Supercoiled plasmid DNA was treated with 0.2 mM of each indole oxidation product and
norfloxacin (NFX) and exposed to increasing times of UVA irradiation, followed by cleavage with
T4-pdg, agarose gel electrophoresis, and imaging of the ethidium bromide stained gel (Figure
2.23). As controls, the plasmids were irradiated with UVA in the absence of photosensitizer for
0.5, 1, 2, 4, 8, and 16 min. As expected, as the time of irradiation increased, Form I DNA decreased
and Form II DNA increased, but form I DNA was still the major species present after 16 min UVA
irradiation, showing that UVA light alone causes CPD formation with low efficiency. UVA
irradiation in the presence of 0.2 mM NFX for the same set of time showed a much greater level
of CPD formation, even producing detectable form III DNA after only 4 min of irradiation. At the
same concentration of the indole oxidation products, CPD formation did not appear to be much
different from that produced by UVA alone. The photosensitizing ability of the four indole
oxidation products was then determined as a function of 0.4, 2, 10 and 50 mM concentration at a
fixed irradiation time of 4 minutes (Figure 2.24). As seen from the electrophoresis gels both TOP
and IOP showed concentration dependent increases in Form II formation, except at high
concentration for TOP, while the oxygenated photosensitizers showed concentration dependent
decreases in form II formation.
The fraction of form I, II and III DNA was converted to the number of CPDs induced by the
photosensitizers by Poisson analysis of the band densities in the presence and absence of the
photosensitizers and correcting for differential fluorescence of form I and form II and III DNA
(11, 12) and the fraction of form II in the plasmid preparation. Plots of the number of CPDs as a
function of irradiation time (Panel A) and photosensitizer concentration (Panel B), are shown in
Figure 2.25. Panel A shows that NFX is a better photosensitizer of CPD formation than the indole
oxidation products, and from the initial slopes, that NFX is about two times better at
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photosensitizing CPD formation than TOP, and TOP is twofold better than IOP. The decrease in
CPD photosensitization by NFX with increasing irradiation time is likely due to its
photodegradation (31, 32). Both DOP and HOP did not appear to photosensitize CPD formation,
and in fact inhibited CPD formation by UVA light. Panel B shows that photosensitized CPD
formation increases with both increasing TOP and IOP concentration but tapers off at higher
concentrations. These results can be explained by a screening effect, where the photosensitizer
blocks penetration of the UVA light into the sample by absorption at higher concentrations, and/or
by bimolecular self-quenching of the excited states. NFX couldn’t be studied at the same range of
concentrations due to precipitation. Both DOP and HOP only showed a decrease in CPD formation
indicating that they were unable to photosensitize CPD formation, and were only capable of
inhibiting CPD formation by UVA by a screening effect.

Correlation of the photosensitizing ability with triplet energy and DNA binding affinity.
The ability of TOP and IOP to photosensitize CPD formation, while HOP and DOP cannot be in
accord with their triplet state energies as shown in Figure 2.26. As one can see both TOP and IOP
have triplet energies that are above NFX which serves to demarcate the lower boundary of triplet
energy needed for CPD photosensitization,(33) while HOP and DOP have lower triplet state
energies. While both TOP and IOP have triplet energies above that of NFX, NFX is a better
photosensitizer than either TOP or IOP. The superior photosensitizing ability of NFX can
understood in terms of the mechanism of triplet photosensitization, which involves a number of
steps which all contribute to the overall efficiency. (34) The first is the efficiency of excitation of
the sensitizer to the singlet state by light source used. The second, is the quantum yield of the
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triplet formation from the singlet state by intersystem crossing which is in competition with
fluorescence emission and internal conversion back to the ground state. The third is the rate at
which the triplet excited sensitizer can transfer triplet energy to the substrate via a Dexter
mechanism which requires the sensitizer to come in contact with the substrate to efficiently
exchange two electrons. For the transfer of triplet energy, the sensitizer must therefore either
collide with or be complexed with the substrate and have a triplet state energy at or above that of
the substrate. In a collision mechanism, there will be a competition between the rate of diffusion
of the sensitizer and deactivation of its triplet state by phosphorescence, internal conversion, triplet
energy transfer to oxygen, or self-quenching. NFX is an efficient sensitizer of CPD formation
because in addition to meeting the threshold triplet energy requirement, it binds to calf thymus
DNA with an association constant of 3000 M-1 (35) by intercalation through pi stacking of its flat
aromatic rings with the DNA bases, as determined by NMR(36), and presumably by a favorable
electrostatic interaction between its ammonium group and the DNA phosphates. TOP is also a
known DNA binder with an association constant of about 60,000 M-1 with calf thymus DNA (4)
that presumably can also intercalate and have a favorable electrostatic interaction between its
ammonium group and the DNA phosphates. The diminished CPD photosensitizing ability of TOP
compared to NFX might be due to a lower quantum yield for triplet formation and/or a lower triplet
lifetime, as well as a lower absorption coefficient IOP, on the other hand is not expected to be as
efficient photosensitizer as TOP because while it has a higher triplet state energy, it lacks a
positively charged group that makes TOP a better DNA binder. Therefore, while the order of
triplet state energy from highest to lowest is IOP > TOP > Norfloxacin > DOP > HOP, the order
of photosensitizing ability is NFX > TOP > IOP >>> DOP, HOP.
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2.4.4 Implications for the Dark Pathway to CPDs in Melanocytes.
This study was initiated to test the hypothesis that the triplet excited state decomposition products
of dioxetanes formed from the 2,3 double bond of oxygen substituted indole precursors of melanin,
such as dihydroxyindole, DHI, could photosensitize CPD formation. While we were not able to
synthesize the product from DHI, we were able to determine the triplet state energies and CPD
sensitizing ability of the oxidation products of 5-hydroxy indole (HOP) and 5,6-dimethoxy indole
(DOP) and compare them to the oxidation products of unsubstituted indoles. As can be seen from
Figure 2.26, TOP and IOP both were able to photosensitize CPD formation, and both had triplet
states above NFX which has the lowest known triplet state energy able to photosensitize CPD
formation in duplex DNA. On the other hand, the oxygen substituted indole oxidation products,
HOP and DOP were not able to photosensitize CPD formation and had triplet state energies below
that of NFX. The fact that DOP and HOP cannot photosensitize CPD formation indicates that the
2,3-dioxetanes 2b and 2c are likely not involved in the peroxynitrite chemisensitized CPD
formation by the corresponding DHICA 1b and 5HICA 1c as originally proposed (2). If one
compares the triplet state energies with acetone (337 kJ/mol) (37) and acetophenone (290
kJ/mol)(38), one can see that substituting one methyl group of acetone, a dialkyl ketone, with a
benzene ring causes the triplet state energy to drop by about 20 kJ/mol. Addition of a formamide
group ortho to the keto group of acetophenone, drops the triplet energy by an additional 52 kJ/mol
as seen for TOP. Adding a hydroxyl group or two methoxy groups, then lowers the triplet state
energy of IOP by a further 20-25 kJ/mol so that they are below NFX. It would appear therefore
that products from 2,3-dioxetanes of indole compounds bearing hydroxyl groups will be poor
photosensitizers of CPD formation, and at best will be close to the triplet state energy of NFX. It
would appear therefore that the excited state products of 2,3-dioxetanes of indole compounds
bearing hydroxyl groups will be poor photosensitizers of CPD formation, and at best will be close
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to the triplet state energy of NFX. Furthermore, such compounds are unlikely to explain the
observation that the fraction of C-containing CPDs dramatically increased from 27% TC+CT with
UVA light to 57% in the dark period (2) given that photosensitization with NFX only gives 6%
TC+CT, and that acetophenone, with a much higher triplet energy, only gives 13% TC+CT(39). It
is therefore unlikely that dioxetanes of the 2,3-double bond of indole rings which decompose to
give products with triplet states energies similar to NFX are the principle chemisensitizers involved
in the dark pathway to CPDs, and even less likely involved in increasing the fraction of Ccontaining CPDs. It may be possible that the chemisensitizers involved arise from dioxetanes
formed in the benzene ring of melanin precursors, such as 3, or some other, as yet unknown, high
energy intermediates.
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2.5 Figures and Tables

Figure 2.1. Proposed indole dioxetane intermediates and their excited state decomposition products
in the dark pathway to CPDs, and model indole oxidation products for assessing triplet state
characteristics of such molecules. NFX has one of the lowest triplet state energies known to be
capable of photosensitizing CPD formation in DNA and serves to demarcate the triplet state energy
below which CPDs cannot be photosensitized in duplex DNA.
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Figure 2.2. Synthesis of the model indole oxidation products (IOP, TOP, HOP and DOP)
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Acetone

Figure 2.3. 1H NMR of IOP molecule
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Acetone

Figure 2.4. 13C NMR of IOP molecule
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Figure 2.5. 1H NMR of molecule 13
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Figure 2.6. 1H NMR of molecule 14
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DMSO

Figure 2.7. 1H NMR of TOP molecule
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Figure 2.8. 13C NMR of TOP molecule
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Figure 2.9. 1H NMR of molecule 16
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Figure 2.20. 1H NMR of molecule 17
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water

Acetone

Figure 2.11. 1H NMR of HOP molecule
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Figure 2.12. 13C NMR of HOP molecule
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Figure 2.13. 1H NMR of molecule 19
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water

Figure 2.14. 1H NMR of DOP molecule
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Acetone

Figure 2.15. 13C NMR of DOP molecule
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Figure 2.16. Absorption spectra of NFX and the indole oxidation products a) RT in water with
the scale on the right for NFX, and b) 77 K in 60/40 glycerol/ deionized water (v/v).
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Figure 2.17. Fluorescence and phosphorescence emission spectra for the model indole oxidation
products and NFX in water at 77 K
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Table 2.1. Steady-state absorbance (60/40 glycerol/water), Fluorescence and Phosphorescence
(water) maxima (in nm) at 77 K
Compound Absorption

Fluorescence Phosphorescence

NFX

316

444

486

TOP

321

448

503

IOP

315

449

518

DOP

343

443

529

HOP

351

453

538
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Table 2.2. Phosphorescence decay lifetimes recorded in water at 77 K
Compound

1 (ms)

2 (ms)

NFX

17*

488

TOP

30.5 (R)

232 (B)

IOP

22.5 (R)

203 (B)

HOP

35 (R)

135 (B)

DOP

144

* - most likely impurity; global fitting does not provide fitting uncertainty; R (red) and B(blue)
spectral forms.
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Figure 2.18. Analysis of NFX phosphorescence data in water with the temperature of 77K. A)
Pseudo-color phosphorescence decay profile rebuilt from set of the time-gated phosphorescence
spectra taken after various delay time after excitation; (B) Global fitting results of phosphorescence
decay profile show spectral species contributing to the overall signal with decaying with different
time constants. The spectra are shown according to their relative amplitude ration in the decay
profile; (C) Selected experimental phosphorescence dynamics (points) vs fit (lines). The fit was
convoluted with Gaussian-like instrument response function; (D) Results of Frank-Condon
progression simulation of the indicated phosphorescence spectrum according to equation 4 and
parameters listed in Table 2.3. The triplet energy of two different species (red and blue) could be
simply calculated from one of them by taking difference between maxima of both spectra. For
correct analysis, prior fitting, the spectra were converted to linear energetic scale (wavenumbers).
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Figure 2.19. Analysis of IOP phosphorescence data in water with the temperature of 77K. A)
Pseudo-color phosphorescence decay profile rebuilt from set of the time-gated phosphorescence
spectra taken after various delay time after excitation; (B) Global fitting results of phosphorescence
decay profile show spectral species contributing to the overall signal with decaying with different
time constants. The spectra are shown according to their relative amplitude ration in the decay
profile; (C) Selected experimental phosphorescence dynamics (points) vs fit (lines). The fit was
convoluted with Gaussian-like instrument response function; (D) Results of Frank-Condon
progression simulation of the indicated phosphorescence spectrum according to equation 4 and
parameters listed in Table 2.3. The triplet energy of two different species (red and blue) could be
simply calculated from one of them by taking difference between maxima of both spectra. For
correct analysis, prior fitting, the spectra were converted to linear energetic scale (wavenumbers).
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Figure 2.20. Analysis of TOP phosphorescence data in water with the temperature of 77K. A)
Pseudo-color phosphorescence decay profile rebuilt from set of the time-gated phosphorescence
spectra taken after various delay time after excitation; (B) Global fitting results of phosphorescence
decay profile show spectral species contributing to the overall signal with decaying with different
time constants. The spectra are shown according to their relative amplitude ration in the decay
profile; (C) Selected experimental phosphorescence dynamics (points) vs fit (lines). The fit was
convoluted with Gaussian-like instrument response function; (D) Results of Frank-Condon
progression simulation of the indicated phosphorescence spectrum according to equation 4 and
parameters listed in Table 2.3. The triplet energy of two different species (red and blue) could be
simply calculated from one of them by taking difference between maxima of both spectra. For
correct analysis, prior fitting, the spectra were converted to linear energetic scale (wavenumbers).
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Figure 2.21. Analysis of DOP phosphorescence data in water with the temperature of 77K. A)
Pseudo-color phosphorescence decay profile rebuilt from set of the time-gated phosphorescence
spectra taken after various delay time after excitation; (B) Global fitting results of phosphorescence
decay profile show spectral species contributing to the overall signal with decaying with different
time constants. The spectra are shown according to their relative amplitude ration in the decay
profile; (C) Selected experimental phosphorescence dynamics (points) vs fit (lines). The fit was
convoluted with Gaussian-like instrument response function; (D) Results of Frank-Condon
progression simulation of the indicated phosphorescence spectrum according to equation 4 and
parameters listed in Table 2.3. The triplet energy of two different species (red and blue) could be
simply calculated from one of them by taking difference between maxima of both spectra. For
correct analysis, prior fitting, the spectra were converted to linear energetic scale (wavenumbers).
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Figure 2.22. Analysis of HOP phosphorescence data in water with the temperature of 77K. A)
Pseudo-color phosphorescence decay profile rebuilt from set of the time-gated phosphorescence
spectra taken after various delay time after excitation; (B) Global fitting results of phosphorescence
decay profile show spectral species contributing to the overall signal with decaying with different
time constants. The spectra are shown according to their relative amplitude ration in the decay
profile; (C) Selected experimental phosphorescence dynamics (points) vs fit (lines). The fit was
convoluted with Gaussian-like instrument response function; (D) Results of Frank-Condon
progression simulation of the indicated phosphorescence spectrum according to equation 4 and
parameters listed in Table 2.3. The triplet energy of two different species (red and blue) could be
simply calculated from one of them by taking difference between maxima of both spectra. For
correct analysis, prior fitting, the spectra were converted to linear energetic scale (wavenumbers).

81

Table 2.3. Parameters used to simulate phosphorescence emission spectra with F-C progression,
and estimated the triplet state energy in ethylene glycol water at 77 K.
sampl
e

1

1

(cm-1)

𝜎𝜈1

2

2

(cm-1)

(cm-1)

𝜎𝜈2

a

(cm-1)

T1 energy
(cm-1)

(nm)

(kJ/mol)

NFX

1450

1.23

800

750

1.77

800

8

20,803

481

249

IOP

1470 ± 32

2.08

650

710 ± 16

3.08

650

8

22,477

444

269R,B

TOP

1470 ± 25

1.84

650

710 ± 21

2.95

650

8

21,860

457

261B

21,160

473

253R

DOP

1500 ± 170

0.87

900

720 ± 92

1.88

900

8

19,380

516

232

HOP

1580 ± 38

1.38

900

710 ± 45

1.56

900

8

18,760

533

224R

19,380

516

231B

R – red form, B – blue form, R,B – both forms have similar energy origin. If no details provided
for F-C, triplet state energy was obtained by accounting energetic difference between maxima of
R and B forms, a – default number of vibronic bands used in the modelling formula (actual numbers
vary from spectrum to spectrum and is typically smaller)
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Figure 2.23. Photosensitized CPD formation by the indole oxidation products and NFX as a
function of irradiation time. The photosensitizers were incubated at a concentration of 0.2 mM
with supercoiled plasmid DNA (7.7 μM bp) and irradiated for increasing lengths of times in
minutes (lane headings) with a broad band UVA source. The plasmid was then treated with T4pdg to cleave the DNA strand at the site of the CPDs, thereby converting supercoiled DNA (form
I) in open circular DNA (form II) and eventually into linear DNA (form III). The DNA was
visualized by staining with ethidium bromide and imaging the fluorescence of the bands.
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Figure 2.24. Photosensitized CPD formation by the indole oxidation products and NFX as a
function of concentration in mM (lane headings). The photosensitizers were incubated at
increasing concentrations (mM) with supercoiled plasmid DNA (7.7 μM bp) and irradiated for 4
minutes with a broad band UVA source. The plasmid was then treated with T4-pdg to cleave the
DNA strand at the site of the CPDs, thereby converting supercoiled DNA (form I) in open circular
DNA (form II) and eventually into linear DNA (form III). The DNA was visualized by staining
with ethidium bromide and imaging the fluorescence of the bands.
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Figure 2.25. Quantification of the number of CPDs form as a function of irradiation time and
photosensitizer concentration. The band volumes were corrected for the amount of CPD produced
by the UVA light alone, and for the differential binding affinity of ethidium bromide between
supercoiled (form I) and open circular and linear DNAs (forms II and III). The relative fraction of
forms I, II and III DNA was then analyzed by Poisson statistics to give the number of CPDs
formed. Negative formation of CPDs is the result of the screening effect of the photosensitizers at
higher concentrations.
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Figure 2.26. Plot of the triplet energy of the indole oxidation products with reference to the triplet
energy of norfloxacin, which demarcates the lowest triplet energy capable of photosensitizing CPD
formation in duplex DNA.
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Chapter 3: The Chemisensitization Related
to the Dark Pathway
3.1 Abstract
Cyclobutane pyrimidine dimers have been established to be the major photoproduct of DNA
responsible for sunlight-induced mutations leading to various skin cancers. While most CPDs are
produced by direct absorption of UV light, another pathway has recently been discovered in
melanocytes that occurs in the dark, and has proposed to involve chemiexcitation involving
peroxynitrite. The original proposal was that peroxynitrite oxidizes melanin or melanin precursors
to form high energy dioxetanes that thermally decompose to triplet carbonyl compounds that
sensitize CPD formation in DNA. We have shown in the previous chapter, however, that the type
of products that would be produced from oxidation of the 2,3-double bond of indoles are incapable
of sensitizing CPDs in DNA, and in particular the oxidation product of 5-hydroxyindole,
suggesting that some other chemiexcited species must be involved. Herein we investigate the
reaction of peroxynitrite with various classes of compounds to determine the scope of the
chemiexcitation process. Because we discovered that many different compounds could cause CPD
formation, we reasoned that they might be functioning as reducing agents rather than substrates,
and found that inorganic reducing agents can also cause CPD formation. We therefore now
propose that the chemosensitizer may be a reduction product of peroxynitrite, or its reaction
product with carbon dioxide, rather than an organic molecule. This would explain why melanin,
which is an insoluble polymeric material, could also cause CPD formation.

3.2 Introduction
It has been well established that DNA photoproducts induced by the ultraviolet portion of the solar
light are the major causes of DNA mutations that lead to skin cancers (1-4) and that the cyclobutane
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pyrimidine dimer (CPD) is the product primarily responsible for C to T and CC to TT signature
mutations of UV light (5). CPDs have been long known to be produced by direct absorption of
UV irradiation or through photosensitization, so it was a great surprise when CPDs were shown
1in 2105 to be formed in the dark following irradiation of melanocytes in 2015 (6). The formation
of “dark” CPDs was found to be melanin dependent, because they were not produced in albino
melanocytes which lack melanin. The formation of CPDs in the dark suggested an indirect, thermal
pathway to excited DNA was involved. It had been shown a long time ago that the thermal
decomposition dioxetanes could induce CPD formation by a pathway involving splitting of the
dioxetane into a triplet excited and a ground state carbonyl compound, followed by triplet-triplet
energy transfer to the DNA by a process termed chemisensitization. A general mechanism for
“dark” CPD formation was proposed based on a number of experiments as shown in Figure 3.1
(6). It was proposed that exposure of cells to UV leads to up-regulation of nitric oxide synthase
(NOS) and NADPH oxidase (NOX) which generate nitric oxide (NO•) (7) and superoxide radical
ion (O2• –) (8,9). Then the two radicals react to produce the powerful oxidant peroxynitrite (ONOO) (10-12) which reacts with melanin and/or its precursors and degradation products to create
unstable dioxetanes. The dioxetanes spontaneously undergo thermolysis generating two carbonyl
compounds, one of which is in a high-energy triplet state and cause the formation of CPDs by a
triplet triplet energy transfer (TTET) (6,13,14). One of the proposed classes of dioxetanes are
those formed from the 2,3-double bond of oxygen-substituted indoles. We have shown however,
that these compounds are unlikely to be able to chemisensitize CPD formation because the triplet
states generated from their decomposition are too low in energy, suggesting that some other class
of dioxetanes or chemosensitizers was involved.
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To investigate what other types of chemisensitizers might be involved, we investigated the ability
of a variety of compounds to generate CPDs in the presence of peroxynitrite (6,15). Peroxynitrite
was synthesized in vitro and reacted with to 5-hydroxyindole-2-carboxylic acid (5OH2CA) and 5hydroxyindole (HI) which are similar to the melanin precursors 5,6-dihydroxyindole-2-carboxylic
acid (DHICA) and 5,6-dihydroxyindole (DHI).

We also examined synthetic melanin and

substructures of melanin and melanin precursors such as phenol, 2,3-dihydroxybenzoic acid
(DHBA), 3,4-dihydroxy-DL-phenylalanine (DL-DOPA) and tryptophan (Try), along with DNA.
Because all these compounds were capable of inducing CPD formation with peroxynitrite we
hypothesized that they might not be functioning as substrates, but rather as reductants. We then
discovered that inorganic reducing agents also cause CPD formation, leading us to conclude that
the chemosensitizer is a reduction product of peroxynitrite or a reaction product following reaction
with carbon dioxide. Therefore, it is possible that it is the reduction product of peroxynitrite instead
of the oxidation product of melanin is playing the role as the triplet state chemisensitizer in the
“dark” pathway.

3.3 Materials and Methods
3.3.1 Materials
All chemicals were purchased from Sigma-Aldrich, and the chemicals were used as received. T4pdg (also known as T4 endonuclease V) was purchased from New England Biolab. The grade of
MnO2 was ReagentPlus®, ≥99%.

3.3.2 Synthesis of Preoxynitrite
An aqueous solution of peroxynitrite was prepared by a published procedure with some
modification (16). A brand new mini stir bar (required to prevent iron particles from entering the
solution and catalyzing the decomposition of the peroxide) was added to a brand new 25 mL test
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tube (to prevent likewise minimize the presence of iron particles), to which was added 740 µL 5
M NaOH solution followed by 100 µL 50 mM EDTA disodium salt solution, and 440 µL 30%
hydrogen peroxide, which had been poured from the reagent bottle into a test tube first to avoid
contaminating the hydrogen peroxide. Then, 540 µL isoamyl nitrite was added and stirred
vigorously in the open air. All transfers were made with a calibrated pipetteman with pipette tips
having a chemical blocking insert. After two hours, the solution was visibly yellow. After 19 hours
the solution was worked up by stirring with 5 portions of 2 mL of dichloromethane which was
then carefully removed with a glass pipette. The peroxynitrite solution was then treated with 15
mg of MnO2, followed by filtration to remove excess H2O2. The peroxynitrite was analyzed by
scanning UV spectroscopy and the concentration of the synthesized peroxynitrite was determined
by the absorbance at 302 nm (Ɛ= 1670 M−1 cm−1) (17).

3.3.3 Chemisensitization Reactions
At room temperature, 6 mM 5OH2CA or phenol was oxidized by 1 mM peroxynitrite in 50 mM
phosphate buffer at pH 8.8, with 2 mM EDTA and 3 µg pBluescript SK (-) Plasmid in a total
volume of 10 µL for 3 hours to chemisensitize DNA. Similar experiments were carried out with
5OH2CA or phenol as well as different reducing reagents, including DL-Dopa, HI, DHBA for 1h,
2h, and 3h, or 15 min, 30 min, 60 min under the same concentration and reaction conditions except
with 300 ng plasmid. Reactions were also carried out with 2 X reaction concentration (12 mM
5OH2CA, DL-DOPA, HI, phenol, DHBA, Trp and 2 mM of peroxynitrite), and 3 X concentration
(18 mM 5OH2CA, DL-DOPA, HI, phenol, DHBA, Trp and 3 mM of peroxynitrite) in same buffer
condition with 300 ng plasmid. The redox reaction with 300 ng DNA was also carried out with 6
mM of 5OH2CA and 1 mM of peroxynitirite in 50 mM phosphate buffer at pH 7.2 in RT.
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3.3.4 T4 endonuclease V coupled electrophoresis assay for CPDs
A portion of the chemisensitization reaction mixture (2 uL) was transferred to 10 uL of T4-pdg
reaction buffer (10 mM Tris-HCl, 50 mM NaCl and 5 mM EDTA, at pH 7. 5) followed by 2 µg of
T4-pdg and then incubated for 30 min in a 37 °C water bath (18). The resulting reaction mixture
was electrophoresed for 1 h at 180 volts on a 1 % agarose gel with 89 mM TBE buffer pH 7.6, and
stained with 10 mg/mL of ethidium bromide. The gel was imaged with 302 nm irradiation on a
ChemiDoc XRS+ System (Biorad) and the percentages of bands were quantified by volume
integration with Biorad Quantity One software. The percentages of supercoiled DNA were
corrected by a factor of 1.3 for binding ethidium bromide, calculated for pBluescript SK (-)
plasmid (2958 bp) based on linear regression of three published ethidium bromide correction
factors as a function of base pair number (19,20) (Figure 3.2).
The average number of CPD sites per plasmid equals the average number of scissions per plasmid
DNA (S), which was calculated by a Poisson Distribution equation (21):
𝑆𝑛

(1) 𝑃𝑛 = [ 𝑛! ] 𝑒 −𝑆 , where Pn is the fraction of the DNA molecules who contain n nicks each.
𝑆0

(2) When n=0, 𝑃0 = [ 0! ] 𝑒 −𝑆 = 𝑒 −𝑆 . Thus, 𝑆 = −ln (𝑃0 )
When there are only Form I (supercoiled) and Form II DNAs present, the fraction of the DNA
molecules that contain 0 nicks (P0) is the same as the fraction of Form I DNA (fI). Therefore, the
average CPD formation per plasmid can be calculated by the simplified equation (21):
(3) 𝑆 = −ln (𝑓𝐼 )
When there are Form I, Form II and Form III (liner) DNA presented, S was calculated by (21):
(4) 𝑓𝐼 + 𝑓𝐼𝐼 = [1 −

𝑆(2ℎ+1) 𝑆/2
]
2𝐿

, where L = length of the plasmid in base pairs and h= 16 bp.
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3.4 Results and Discussion
3.4.1 Synthesis and Preparation of Peroxynitrite
To investigate which compound types were capable of inducing CPD formation with ONOO- we
first synthesized peroxynitrite, based on the follow chemical equations:
HOOH + NaOH
HOO- + (CH3)2CHCH2CH2ON=O

NaOOH + H2O
ONOO- + (CH3)2CHCH2CH2OH

The aqueous solution of peroxynitrite was prepared in vitro by treating hydrogen peroxide with a
solution of sodium hydroxide, followed by the addition of isoamyl nitrite. The reaction was carried
out in the presence of EDTA to avoid the contamination with transition metals capable of
catalyzing the decomposition of the hydrogen peroxide (16). When the reaction was completed,
the reaction mixture was extracted with dichloromethane to remove the excess isoamyl nitrite, and
the resulting aqueous layer was treated with MnO2 and filtered to remove the excess H2O2 which
might form hydroxyl radicals that could cause adventitious DNA strand breaks that could be
otherwise scored as CPDs. The concentration of the stock peroxynitrite solution was 0.64 M, as
determined by the absorbance at 302 using an extinction coefficient of 1670 M-1 cm-1 (Figure 3.3
A). The peroxynitrite solution was then diluted with Milli-Q water to prepare a stock solution of
0.2 M for the chemisensitization experiments (17) (Figure 3.3 B). The stock solution of
peroxynitrite was then stored at -20 °C.

3.4.2 CPD Formation via the Redox Reaction of Peroxynitrite and 5OH2CA /
Phenol
To verify that we could reproduce the published chemisensitization of CPDs with peroxynitrite,
we carried out an experiment 5-hydroxyindole-2-carboxylic acid (5OH2CA), which was reported
to generate CPDs (6), except that we used our T4-pdg assay to quantify CPD formation. 5OH2CA
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is an analog of the melanin precursor DHICA (22) that lacks the 6-hydroxy groups. Supercoiled
DNA (3 µg) was treated with 1 mM preoxynitrite and 6 mM of 5OH2CA in 50 mM PBS buffer
along with 2 mM EDTA for 3 hours. Following cleavage with T4-pdg the sample was
electrophoresed on an agarose gel, stained with ethidium bromide and quantified as described in
the experimental (Figure 3.4). The formation of form II DNA in excess of what was observed in
the control lane lacking 5OH2CA confirmed that CPDs were being generated by the reaction of
peroxynitrite and 5OH2CA, in the absence of UV irradiation (Figure 3.5). Since we have already
established (Chapter 2) that the oxidation product of the 2,3-double bond on 5-hydroxyindole
could not sensitize CPD formation, our attention turned to the phenol subunit of 5OH2CA.
Supercoiled DNA was therefore treated with peroxynitrite and phenol, which corresponds only to
the phenyl portion of 5OH2CA (Figure 3.4) and surprisingly found to form CPDs (Figure 3.5).
The reaction of peroxynitrite is known to produce o- and p-nitrophenol and o- and phydroxyphenols depending on pH (23). Of these products o- and p-hydroxyphenols could have
arisen from a dioxetane, but could also have arisen through other mechanisms not involving
dioxetanes. If so, there was the intriguing possibility that the role of the phenol was not to be
oxidized to a chemosensitizer, but merely to reduce the peroxynitrite which was the actual
chemosensitizing agent.

3.4.3 CPD Formation via the Redox Reaction of Peroxynitrite and Different
Reductants
To further investigate the possibility that a reduction product of peroxynitrite was the
chemisensitizing agent, we investigated the reaction between peroxynitrite and other organic
compounds that could also serve as reductants. 300 ng supercoiled plasmid DNA was incubated
in a reaction mixture of 1 mM peroxynitrite and 6 mM of different reducing reagents including
DL-DOPA, 5-hydroxyindole (HI), and 2,3-dihydroxybenzoic acid (DHBA) in 50 mM PBS buffer
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with 2 mM EDTA at pH 8.8 for 1, 2, and 3 h, and assayed by the T4-pdg coupled electrophoresis
assay (Figure 3.6). Analysis of the gel (Figure 3.7) revealed that all the compounds examined
produced CPDs. Most significantly, CPD formation was produced with DHBA which would be
expected to be directly oxidized to the orthoquinone without proceeding through any dioxetane.
Also of significance was that L-DOPA, which is also a dihydroxybenzene and know to oxidize to
an orthoquinone prior to polymerization to form melanin (24-26) also worked. It would appear
that both of these compounds could be functioning as reducing agents rather than as precurors to
the chemosensitizers. It may be proposed that a reduction product of peroxynitrite forms a triplet
state which with sufficiently high energy to sensitize CPD formation through triplet triplet energy
transfer. The reduction product of peroxynitrite might be the key chemisensitizer that is produced
in the “dark” pathway.

Optimization of chemisensitized CPD formation by peroxynitrite.
The chemisensitization of CPDs with peroxynitrite was found to be very inefficient, only
producing an average of 0.5 CPD formation per plasmid in a reaction that appeared to be complete
in a one hour time period. The reactions with 5OH2CA, DL-DOPA and phenol were repeated and
aliquots taken at 15 min, 30 min and 60 min (Figure 3.8). CPD formation with 5OH2CA appeared
to be complete after 15 min while CPD formation with DL-DOPA and phenol appeared to be
complete in 30 min (Figure 3.9). CPD formation was also studied as a function of increasing
peroxynitrite and substrate from 1 mM and 6 mM respectively, to 2 and 12 mM and 3 and 19 mM
with 5OH2CA, DOPA-Melanin, HI, phenol, DHBA and tryptophan (Figure 3.10). Analysis of
the gel data (Figure 3.11) showed a concentration dependent increase in CPD formation with
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DHBA, tryptophan and DOPA, though less than in direct proportion to the amount of peroxynitrite.
Tryptophan appeared to be a slightly better than the other substates in inducing CPD formation.
We had previously shown (Chapter 2) that the 2,3-oxidation product of tryptamine was capable of
photosensitizing CPD formation, suggesting that some of the additional chemisensitization may
be proceeding through the 2,3-dioxetane.

The involvement of tryptophan in CPD

chemisensitization might suggest a role for nucleosomes in promoting CPD formation in the
presence of peroxynitrite. L-DOPA is the starting material in melanin biosynthesis (27-29), and
forms form DHI and DHICA. The DOPA-melanin used in this experiment was a mixture of DLDOPA and L-DOPA synthesized melanin. DOPA-melanin showed better CPD formation than
fresh DL-DOPA or other organic reductants used in the study. It may be rationalized that melanin
is more efficient at reducing peroxynitrite to triplet state products, which is in accord with the
previously published phenomena that the CPD formation continued in melanocytes when the UV
irradiation was removed, but did not occur in albino cells (6).

3.4.4 The pH Dependence of Peroxynitrite Stability
Peroxynitrite (chemistry formula ONOO−) is an unstable anion, whose conjugate acid is
peroxynitrous acid. Although peroxynitrous acid is a highly reactive chemical that decomposes
quickly, peroxynitrite is stable in basic solutions (30). The pKa of peroxynitrous acid is ~6.8
indicating that at pH 6.8 the ratio between peroxynitrite and peroxynitrous acid is 1:1. while at pH
8.8, where the previously reported studies were carried out, there is <1% peroxynitrous acid. To
determine whether lowering the pH to a more physiologically relevant pH of 7.2 to increase the
amount of peroxynitrous acid to 30% would also increase the chemisensitization efficiency 300
ng supercoiled DNA was treated with 1 mM peroxynitrite and 6 mM of 5OH2CA in 50 mM PBS
buffer with 2 mM EDTA at pH 7.2 for 15 min, 30 min, 60 min. Agarose gel electrophoresis of the
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T4-pdg cleavage products (Figure 3.12) showed that there is almost no CPD formation at pH 7.2.
It can be concluded that the chemisensitization process involves peroxynitrite and not the acid.
(Figure 3.13).

3.4.5 CPD chemisensitization DMB, indole and an inorganic reductant.
To determine whether organic compounds lacking phenolic OH groups or inorganic reductants
incapable of forming dioxetanes were capable of chemisensitizing CPD formation,
chemisensitization reactions were carried out with NaBH4, Na2S2O3 and NH2OH. Supercoiled
plasmid (300 ng) was treated with 1 mM peroxynitrite and 6 mM of the test compounds in 50 mM
PBS buffer, along with 2 mM EDTA for 1 h at pH 8.8. After cleavage by T4-pdg, and agarose gel
electrophoresis (Figure 3.14) the average number of CPD formation per plasmid were calculated
(Figure 3.15). According to the analysis, the inorganic compound hydroxylamine showed the
highest formation of CPDs, followed by sodium thiosulfate. Sodium borohydride showed very
little CPD formation which could be attributed to decomposition of the NaBH4 in buffer or overreduction of peroxynitire.

The ability of inorganic reducing agents to cause peroxynitrite

chemisensitization clearly demonstrates that an organic chemisensitizer is not required and further
supports our proposal that the sensitizer involved in the dark pathway may be a product of
peroxynitrite itself.

3.5 Conclusion
In summary, we studied the possible mechanisms of chemisensitization related to the “dark”
pathway to CPDs using peroxynitrite and various organic and inorganic substrates. While indole
derivatives and melanin itself was found to produce CPDs upon oxidation with peroxynitrite,
inorganic reducing reagents were also found bring about CPD formation as well. Thus, it appears
that the principle role of the substrate is not to be oxidized to a chemisensitizer, but rather to reduce
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the peroxynitrite to form a triplet state compound that chemisensitizes CPD formation. It is
possible therefore that it is the reduction of peroxynitrite by melanin precurors and melanin itself
that is producing CPDs in melanocytes rather than the oxidiation of melanin and melanin precurors
by peroxynitrite to dioxetanes as originally proposed for the “dark” pathway.
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3.6 Figures

Figure 3.1. The proposed chemisensitization meachanism of the “dark” pathway (6). This
mechanism was published by Premi et al in in 2015, in which peroxynitrite which is formed in
cells by when irradiated by UV can oxidize melanin precursors to produce dioxetanes that
chemisensitize DNA leading to CPD formation.
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Figure 3.2. The “base pair number vs correction factors” equation. This equation was established
by the published ethidium bromide correction factors of plasmid pUC18, pBR322 and PM2
(19,20).
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(A)

(B)
Figure 3.3. UV Absorption of the 1000 times diluted peroxynitrite aqueous solution. (A)
peroxynitrite aqueous at a concentration of 0.64 M (B) Peroxynitrite aqueous at a concentration of
0.2 M.
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Figure 3.4. Agarose electrophoresis gel of 3 µg supercoiled plasmid treated with peroxynitrite and
5OH2CA / phenol for 3 h at pH 8.8. Form I is supercoiled DNA and Form II is nicked DNA.

Figure 3.5. The average number CPDs formed per 3 µg of supercoiled plasmid treated with
peroxynitrite and 5OH2CA / phenol for 3 h. The number of CPDs formed with 5OH2CA is 0.26
and 0.19 with phenol.
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Figure 3.6. Agarose gel of 300 ng supercoiled plasmid treated with peroxynitrite and 5OH2CA /
DL-DOPA / phenol / HI / DHBA for a timeline of 1 h, 2 h and 3 h at pH 8.8. Form I is supercoiled
DNA and Form II is nicked DNA.
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Figure 3.7. The average number of CPDs formed per 300 ng of plasmid treated with peroxynitrite
and 5OH2CA / phenol / DL-DOPA / HI / DHBA for 1-3 h at pH 8.8. The numbers of CPDs formed
in DNA treated with 5OH2CA for 1, 2 and 3 h was 0.175, 0.166, 0.232; with with phenol was
0.151, 0.197, 0.138; with DL-DOPA was is 0.136, 0.137, 0.169; with HI was 0.209, 0.415, 0.157;
and with DHBA was 0.2183, 0.219, 0.236.
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Figure 3.8. Agarose gel of 300 ng supercoiled plasmid treated with peroxynitrite and 5OH2CA /
DL-DOPA / HI for a timeline of 15 min, 30 min and 60 min at pH 8.8. Form I is supercoiled DNA
and Form II is nicked DNA.
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Figure 3.9. The number CPDs per 300 ng of plasmid treated with peroxynitrite and 5OH2CA /
DL-DOPA / HI for 15 - 60 min at pH 8.8. The number of CPD forms in DNA treated with 5OH2CA
for 15, 30 and 60 min was 0.191, 0.194, 0.195; for DL-DOPA was 0.076,0.124,0.088; and with HI
was 0.077, 0.124, 0.111.
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Figure 3.10. CPD formation with 300 ng supercoiled plasmid treated with 1 X, 2 X and 3X
concentration of peroxynitrite and 5OH2CA / DOPA-Melanin / HI / phenol / DHBA / trptophan
at pH 8.8. 1-time concentration (1 mM ONOO- and 6 mM reductant); 2-times concentration (2
mM ONOO- and 12 mM reductant); 3-times concentration (3 mM ONOO- and 18 mM reductant).
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Figure 3.11. The number CPDs formed per 300 ng of plasmid treated with peroxynitrite and
5OH2CA / DOPA-Melanin / HI / Phenol / DHBA / Tryptophan for 1-3 times reaction
concentration at pH 8.8. The numbers of CPD formation of DNA treated with 5OH2CA for 1x, 2x
and 3x concentration was 0.237, 0.267, 0.103; for DOPA-Melanin was 0.336, 0.581, 0.500; for HI
was 0.237, 0.267, 0.103; for phenol was 0.139, 0.246, 0.071; for DHBA was 0.102, 0.147, 0.308
and for tryptophan was 0.287, 0.554, 0.435
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Figure 3.12. Agarose gel of 300 ng supercoiled plasmid treated with peroxynitrite and 5OH2CA
for 1-3 h at pH 7.2. Form I is supercoiled DNA and Form II is nicked DNA.
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Figure 3.13. The number CPDs formed per 300 ng of supercoiled plasmid treated with
peroxynitrite and 5OH2CA for 1-3 at pH 7.2. 1 h: -0.025, 2 h: -0.009, 3 h: 0.011.
112

Figure 3.14. Agarose gel of 300 ng supercoiled plasmid treated with peroxynitrite and NaBH4
/Na2S2O3 / NH2OH for 1 h at pH 8.8. Form I is supercoiled DNA and Form II is nicked DNA.
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Figure 3.15. The number of CPDs formed per 300 ng of supercoiled plasmid treated with NaBH4
/ Na2S2O3 / NH2OH for 1 h at pH 8.8. The numbers of CPD formed with NaBH4 was 0.02; with
Na2S2O3 was 0.09 and with NH2OH was 0.37.
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Chapter 4: Summary, Conclusions and
Future Studies
4.1 Conclusions
It has long been known that most skin cancers are caused by UV-induced DNA photoproducts
(1,2). Among the various DNA photoproducts, cyclobutane pyrimidine dimers (CPDs) are the
major cause of mutations and in particular C to T mutations (3-5). Because CPDs are known to be
produced through direct UV absorption or through photosensitization most efforts in prevention
have focused on reducing exposure to UV light. However, a surprising discovery was made in
2015 showing that CPDs continued to be formed after the UV exposure for 3 h in melanocytes (6).
The formation of CPDs by this “dark” pathway could only be explained by a chemisensitization
pathway in which an excited state of a triplet sensitizer is produced from the thermal
decomposition of a high energy intermediate. After a series of experiments, a chemisensitization
pathway was proposed in which melanin precursors and/or melanin in melanocytes were oxidized
by peroxynitrite to form unstable dioxetanes which then decompose to triplet carbonyl compounds
to triplet excite DNA (6). The peroxynitrite was proposed to from the reaction of nitric oxide
produced from iNOS that was stimulated by UV irradiation and with superoxide produced from
NOX and/or UV irradiation of melanin (7,8). The chemisensitizers and mechanisms involved in
this dark pathway, however, are unknown and became the focus of our study.
In chapter two, we investigated photosensitized CPD formation by the products of dioxetanes
analogous to those that had been previously proposed. The indole oxidation product (IOP),
tryptamine oxidation product (TOP), 5,6-dimethoxy-indole oxidation product (DOP) and 5hydroxy-indole oxidation product (HOP) were prepared by organic synthesis and confirmed by
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NMR. The triplet state energies of DOP and HOP, corresponding to the sensitizers derived from
oxidation of the 2,3-double bond of the proposed melanin precursors, were determined from
phosphorescence studies to be lower than that of norfloxacin (NFX) which has a triplet energy that
is the lowest known to induce CPDs in DNA. In accord with the low triplet state energies these
compounds were not found to be able to photosensitize CPD formation by a T4-pdg assay. Our
results suggested that the chemisensitizers involved in the dark pathway do not result from
oxidation of the 2,3-double bond of melanin precursors as proposed, and must involve some other
reaction or substrates.
In the third chapter, we investigated the range of compounds that could chemisensitize CPD
formation in the presence of peroxynitrite. Surprisingly, 5-hydroxyindole-2-carboxylic acid
(5OH2CA), 5-hydroxy-indole (HI), phenol, 2,3-dihydroxybenzoic acid (DHBA), 3,4-dihydroxyDL-phenylalanine (DL-DOPA) and tryptophan were all able to chemisensitize CPD formation.
The fact that 2,3-dihydroxybenzoic acid, which lacks any indole ring, was able to chemisensitize
CPD formation suggested that it might be functioning as a reductant, rather than a substrate in the
chemisenstized reaction. To test this hypothesis a series of inorganic reductants were tested and
found to also chemi-sensitize CPD formation, suggesting that a reduction product of peroxynitrite
was serving as the chemisensitizer DNA instead of the oxidation products, and was the
chemisensitizer in the dark pathway rather than the proposed dioxetanes.

4.2 Future Studies
To uncover the true mechanism in the dark pathway to CPDs, will require further extensive
experimentation. To gain further support for the hypothesis that the reduction product of
peroxynitrite is the chemisensitizer, one could investigate CPD formation as a function of the
standard electrode oxidation potential of various organic and inorganic substrates and look for
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phosphorescence emission from the reaction mixtures. If emission can be detected, the spectrum
could be acquired and used to determine the triplet state energy and verify that it is above the
threshold for CPD induction. Alternatively, the triplet state energy could be determined by
quenching experiments with known compounds. Such quenchers might also serve as inhibitors of
the dark pathway and could be optimized for incorporation into the next generation of sunscreens.
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